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ABSTRACT
L a n d s a t  images are a n a l y z e d  to i n v e s t i g a t e  the causes 
of t u r b i d i t y  v a r i a t i o n s  in lower C h e s a p e a k e  Bay surface 
water. V i s u a l  a n a l y s i s  and image e n h a n c e m e n t  are use d  in 
a s s o c i a t i o n  w i t h  o p t i c a l  film d e n s i t y  data o b t a i n e d  along 
s e l e c t e d  Bay tra n s e c t s .  The o p t i c a l  d e n s i t y  data of all 
images, i n v e r s e l y  r e l a t e d  to su r f a c e  turbidity, are use d  to 
p r o d u c e  r e s i d u a l  t u r b i d i t y  p r o f i l e s  s h o w i n g  t u r b i d i t y  above 
and b e l o w  a v e r a g e  c o n d i t i o n s .  Images w i t h  s i m ilar tidal or 
m e t e o r o l o g i c a l  c o n d i t i o n s  have their r e s i d u a l  o p t i c a l  
d e n s i t y  data a v e r a g e d  to identify p r o b a b l e  causes of above 
a v e r a g e  t u r b i d i t y  levels.
F r e s h w a t e r  d i s c h a r g e  does not d i r e c t l y  c o n t r i b u t e  
s u s p e n d e d  sediment to C h e s a p e a k e  Bay, except fro m  the 
P o t o m a c  River d u r i n g  times of high f r e s h w a t e r  flow. Much of 
the d e t e c t e d  surface t u r b i d i t y  is a s s o c i a t e d  wit h  
r e s u s p e n s i o n  by tidal currents.
Flood c u r r e n t s  cause h i g h e r  surface t u r b i d i t y  a l o n g  the 
E a s t e r n  Shore from the Bay m o u t h  to off the R a p p a h a n n o c k  
R i ver mouth. High e b b - r e l a t e d  t u r b i d i t y  occurs north of the 
R a p p a h a n n o c k  River and in the w e s t e r n  half of C h e s a p e a k e  Bay 
south of Wolf Trap Shoals. C u r r e n t s  d u r i n g  s p r i n g  tide 
p r o d u c e  h i g h e r  surface t u r b i d i t y  south of the R a p p a h a n n o c k  
River than c u r r e n t s  d u r i n g  other p o r t i o n s  of the lunar
cycle.
S t r o n g  w ind causes g r e a t e r  s u r face t u r b i d i t y  than low 
wind except w h e n  wind d i r e c t i o n  o p p o s e s  tidal cur r e n t s .  A 
large fetch (20 km) p a r a l l e l  to w i n d  d i r e c t i o n  r e s u l t s  in 
hi g h e r  s u r f a c e  t u r b i d i t y  do w n w i n d .
A c o r r e l a t i o n  exists b e t w e e n  s u r face t u r b i d i t y  and 
w a t e r  depth. S u r f a c e  t u r b i d i t y  is lower in d e e p e r  w a t e r  due 
to the w e a k e r  effect of tidal and w i n d  r e s u s p e n s i o n .  
R e s u s p e n s i o n  of b o t t o m  s e d iment a f f e c t s  surface t u r b i d i t i e s  
in w a t e r s  as deep as 40 feet.
xi i i
L O W E R  C H E S A P E A K E  BAY S U R F A C E  T U R B I D I T Y  V A R I A T I O N S  
AS D E T E C T E D  FROM L A N D S A T  IMAGES
I N T R O D U C T I O N
Most of the s e d iment w i t h i n  C h e s a p e a k e  Bay is
t r a n s p o r t e d  as s u s p e n d e d  load (S c h u b e l  and Carter 1976). 
S u s p e n d e d  p a r t i c u l a t e  i n v e s t i g a t i o n s  c o v e r i n g  the entire Bay 
have f o c used on se d i m e n t  types, sources, heavy m e t a l
a d s o r p t i o n ,  and s e d iment c o n c e n t r a t i o n ,  and have y i e l d e d  
c o n c e n t r a t i o n  and t u r b i d i t y  p r o f i l e s  (Bond and Meade 1966,
S c hubel 1975 , S c h u b e l  and C a r t e r  1976 , H a r r i s  e_t a 1 . 1980)
and maps ( S t roup and W ood 1966) based on c r uise data. In 
lower C h e s a p e a k e  Bay, s u s p e n d e d  p a r t i c u l a t e  m a t t e r  and
t u r b i d i t y  have been s t u d i e d  at the Bay m o u t h  ( L u d w i c k  and
M e l c h o r  1972) and the R a p p a h a n n o c k  and James Rive r s  ( N i chols 
and Poor 1967, N i c h o l s  1972).
V a r i a t i o n s  in s u s p e n d e d  p a r t i c u l a t e  c o n c e n t r a t i o n s  
o c cur b e c a u s e  of v a r y i n g  tidal scour (Schubel 1970, N i c h o l s
1972) and se a s o n a l  f a c t o r s  w h i c h  i n c lude b i o l o g i c a l  
p r o d u c t i o n  (Burt 1955), f r e s h w a t e r  d i s c h a r g e  (Burt 1955, 
N i c h o l s  1972, O f f i c e r  and N i c h o l s  1980), and winds (Burt 
1955, L u d w i c k  and M e l c h o r  1972).
M i n o r  a m o u n t s  of sediment are c o n t r i b u t e d  by fl u v i a l
s o u rces to lower C h e s a p e a k e  Bay ( F e u i l l e t  and F l e i s c h e r
1980, O f f i c e r  and N i c h o l s  1980, L u d w i c k  1981). The m a j o r i t y  
of se d i m e n t  is t r a p p e d  in t u r b i d i t y  m a x i m a  and little p a sses 
from the u p per Bay, n o r t h  of A n n a p o l i s ,  and t r i b u t a r i e s  to 
the lower s e c t i o n  (S c h u b e l  and C a rter 1976). Only 9% of the
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3total sediment input to the m i d d l e  Bay e s c apes into lower 
C h e s a p e a k e  Bay (Big g s  1970). S c h u b e l  and Carter (1976) 
stated that s e d i m e n t  from shore e r o s i o n  was a small 
c o n t r i b u t i o n  to the lower Bay though the i m p o r t a n c e  of shore 
e r o s i o n  has been d i s p u t e d  by E a ton .et. a 1 . (1980) and Byrne
et a 1 . ( 1982).
The A t l a n t i c  O c e a n  has been r e c o g n i z e d  as the m a j o r
sand and clay source for lower C h e s a p e a k e  Bay (Meade 1969,
1972, Meade e_t a 1 . 1975, L u d w i c k  1973, 1981, Schubel and
C a r t e r  1976, F i rek et_ a 1 . 1977, Fe u i l l e t  and F l e i s c h e r  1980, 
B y r n e  et a 1 . 1982 ). The n o r t h e r l y  extent of t r a n sport of
she If“ d e r i v e d  se d i m e n t  is q u e s t i o n a b l e .  M o v e m e n t  of seabed 
d r i f t e r s  and sedim e n t  p e t r o l o g y  suggest a n o r t h e r n  limit in 
the Wolf Trap S h oals area ( N o r c r o s s  and S t a n l e y  1967, Firek 
et a 1 . 1977 , C a r r o n  1979 , Byrne js^t a 1 . 1982 ).
The m o v e m e n t  of s u s p e n d e d  p a r t i c u l a t e s  depends on
c i r c u l a t i o n  p a t t e r n s  in C h e s a p e a k e  Bay. C h e s a p e a k e  Bay and 
its t r i b u t a r i e s  w e r e  the l o c a t i o n  of P r i t c h a r d ' s  early w o r k  
(1952, 1954) on e s t u a r i n e  c i r c u l a t i o n  w h i c h  r e s u l t e d  in a 
c l a s s i f i c a t i o n  s y s t e m  for e s t u aries. Tidal c u r rents were  
s t u d i e d  by H a i g h t  eJL a 1 . ( 1930 ), who d e s c r i b e d  tidal h e i g h t s  
and cur r e n t s  in the Bay and all its m a j o r  t r i b utaries. 
H a i g h t  e_t a 1 . ( 1930 ) and Hicks ( 1964) r e c o g n i z e d  the
a d v a n c i n g  tidal w a v e  as h a v i n g  s e m i d i u r n a l  p r o g r e s s i v e  wave 
c h a r a c t e r i s t i c s  in the lower Bay w i t h  a larger tidal range 
on the ea s t e r n  shore due to the C o r i o l i s  effect. Haight et 
a 1 . (1930) p r o d u c e d  the ear l i e s t  s u r face c u rrent v e c t o r  maps
4for one hour tidal phase intervals. H i cks (1964) p r o d u c e d  
maps of co-tide, co-range, and c o - c u r r e n t  lines from a study 
of tidal data t h r o u g h o u t  the Bay.
T h r o u g h  the years, as s t a t e - o f - t h e - a r t  i n s t r u m e n t a t i o n  
and s a m p l i n g  p r o g r a m s  have improved, it has been r e a l i z e d  
that the classic t w o - l a y e r  c i r c u l a t i o n  s y s t e m  ( P r i t c h a r d  
1952, 1954) is not a d e q u a t e  in all c i r c u m s t a n c e s .  Local
w i n d s  and a s s o c i a t e d  E k man t r a n s p o r t  are r e s p o n s i b l e  for
p u s h i n g  Bay w a t e r  and s e t t i n g  up a surface w a t e r  slope 
w i t h i n  C h e s a p e a k e  Bay ( P o l i a k  1960, El l i o t t  and W ang 1978, 
W a n g  and Elliott 1978, W a n g  1979a, 1979b). C h e s a p e a k e  Bay 
c i r c u l a t i o n  v a ries from the c l a ssic two layer flow d e p e n d i n g  
on the Bay and shelf r e s p o n s e  to local and n o n - l o c a l
A t l a n t i c  Shelf winds. The two layer flow can be r e v e r s e d  or 
c h ange to a u n i d i r e c t i o n a l  flow t h r o u g h o u t  the w a t e r  column.
Sp r i n g  tides in the York, R a p p a h a n n o c k ,  and James
Rive r s  have also been found to alter the usual s t r a t i f i e d
sy s t e m  by d e s t r a t i f y i n g  the w a ter column. Haas (1977) and
Haas e_t a 1 . (1981) h y p o t h e s i z e d  that a larger spring tide
tidal prism, h a v i n g  f a ster current v e l o c i t i e s  and m ore
t u r b u l e n t  mixing, could result in d e s t r a t i f i c a t i o n .
The classic p i c t u r e  is d i s t o r t e d  fu r t h e r  by the fact 
that c i r c u l a t i o n  s t u dies at the Bay m o u t h  have shown tidal 
c u r r e n t s  to o c c u p y  s e p a r a t e  ebb and flood p a t h w a y s  ( L u d w i c k  
1973, B o i c o u r t  1981). These p a t h w a y s  are caused by fresh 
and salt w a ter mi x i n g ,  b a s i n  c o n f i g u r a t i o n ,  and the C o r i o l i s  
d e f l e c t i o n  of n e t - n o n - t i d a 1 d e n s i t y  currents.
5Models have been used to study c i r c u l a t i o n  in
C h e s a p e a k e  Bay. All rely on data o b t a i n e d  by surface 
i n v e s t i g a t i o n s .  The C h e s a p e a k e  Bay h y d r a u l i c  m o del (McKay 
1976, R o b i n s o n  1977) and h y d r o d y n a m i c  m o d e l  by Chen (1978) 
are c a l i b r a t e d  to a v e r a g e  c o n d i t i o n s  w i t h  no m e t e o r o 1o o g i c a 1 
effects.
S u r f a c e  current v e c t o r  maps d e r i v e d  f rom surface
i n v e s t i g a t i o n s  (Haight e_t a 1 . 1930, U. S. Naval
O c e a n o g r a p h i c  Offi c e  1965) and m o d e l s  (Chen 1978) show 
c u r r e n t s  m o v i n g  up or down C h e s a p e a k e  Bay d e p e n d i n g  solely 
on the tidal phase. A r e a s  on eith e r  side of slack w a t e r  are 
v a g u e  as to current d i r e c t i o n .  The v e c t o r  m aps are the 
r esult of a v e r a g e d  tidal data and do not re f l e c t
m e t e o r o l o g i c a l  i n f l uences.
For an e x a m i n a t i o n  of C h e s a p e a k e  Bay c i r c u l a t i o n  at any 
g i v e n  time, r e f e r r a l  to a v e r a g e d  c o n d i t i o n s  is not a d e quate. 
F u r t h e r  i n f o r m a t i o n  on local m e t e o r o l o g i c a l  and h y d r o l o g i c a l  
c o n d i t i o n s  is required.
R E M O TE S E N SING OF BAY WATERS 
B A S I C M E C H A N I S M S  IN A Q U A T I C  R E M O T E S E N S I N G
E l e c t r o m a g n e t i c  r a d i a t i o n  from the sun that is r e c e i v e d  
by e a r t h - f a c i n g  s a t e l l i t e  s e n sors such as on L a n d s a t  must 
pass t h r o u g h  the e a r t h ' s  a t m o s p h e r e  twice. W a t e r  v a p o r  or 
dust p a r t i c l e s  in the a t m o s p h e r e  affect i n c o m i n g  v i s i b l e  
r a d i a t i o n  by R a y l e i g h  and Kie scat t e r i n g .  The s c a t t e r i n g  
causes r a d i a t i o n  to be d i f f u s e d  and s c a t t e r e d  in d i f f e r e n t  
d i r e c t i o n s .  Some of this r a d i a t i o n  is r e f l e c t e d  u p w a r d  
w h e r e  it is d e t e c t a b l e  by s a t e l l i t e  sensors. High h u m i d i t y ,  
w h i c h  is typical for summer m o n t h s  a r o u n d  C h e s a p e a k e  Bay, is 
r e s p o n s i b l e  for p r o n o u n c e d  s c a t t e r i n g  of in c o m i n g  rad i a t i o n .  
S a t e l l i t e s  such as L a n dsat r e c o r d  the d i f f u s e d  r a d i a t i o n  as 
haze w h i c h  re d u c e s  c o n t r a s t  and limits an image's
u s e f u l n e s s .  The longer w a v e l e n g t h s  sensed by Landsat in the 
red and infrared p o r t i o n s  of the s p e c t r u m  are less a f f e c t e d  
by haze and offer better a t m o s p h e r i c  p e n e t r a t i o n  and hence 
b e t t e r  target contrast.
The r e m a i n d e r  of the i n c o m i n g  r a d i a t i o n  r e aches the
w a t e r ' s  surface w h e r e  it is t r a n s m i t t e d ,  a b s o r b e d  or
r e f l e c t e d .  R e f l e c t a n c e  at the w a t e r ' s  surface d e p ends on 
the solar angle and sea state c o n d i t i o n s .  Some L a n d s a t
images show s u b s t a n t i a l  w a v e - i n d u c e d  specular r e f l e c t a n c e  of 
r a d i a t i o n  in o f f s h o r e  w a t e r s .  S i m i l a r  s u r face r e f l e c t a n c e
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7has not been o b s e r v e d  in a v a i l a b l e  imagery.
D o w n w e l l i n g  r a d i a t i o n  not r e f l e c t e d  at the surface is 
t r a n s m i t t e d  into the w a t e r  column. The degree of
t r a n s m i t t a n c e  d e p ends on r a d i a t i o n  w a v e l e n g t h  and w a t e r 
clarity. B l u e - g r e e n  w a v e l e n g t h s  have a h i g h e r
t r a n s m i t t a n c e ,  a l t h o u g h  the d e pth of p e n e t r a t i o n  is 
d e p e n d e n t  on t u r b idity. S h a l l o w e r  a t t e n u a t i o n  depths occur 
w i t h  longer w a v e l e n g t h s ,  until, in the infrared, r a d i a t i o n  
is almost t o t a l l y  a b s o r b e d  w i t h i n  a few m i c r o m e t r e s  b e l o w
the w a t e r  surface. The d i f f e r e n t  w a v e l e n g t h s ,  b e fore they
r e ach their a t t e n u a t i o n  limits, can be r e f l e c t e d  upward. 
R a d i a t i o n  can be r e f l e c t e d  off b o t t o m  sediment or by 
s u s p e n d e d  m a t e r i a l  w h i c h  h i n d e r s  light p e n e t r a t i o n  and
causes s c a t t e r i n g .  U p w a r d  r e f l e c t a n c e  in the red w a v e l e n g t h
is c a u s e d  m o r e  by i n o r g a n i c  s u s p e n d e d  sediment than by
c h l o r o p h y 1 1 - b e a r i n g  scat t e r e r s ,  b e c a u s e  good c o r r e l a t i o n s  
b e t w e e n  c h l o r o p h y l l  c o n c e n t r a t i o n  and Landsat r e d - b a n d
signal are found only whe n  there is al r e a d y  a good
c o r r e l a t i o n  w i t h  i n o r g a n i c  sus p e n d e d  sediment (Bowker e_t a 1 . 
1973, 1975, 1976). U p w a r d  r e f l e c t e d  r a d i a t i o n  in the w a t e r
c o l u m n  is f u r t h e r  a b s o r b e d  and s c a t t e r e d  befo r e  it re a c h e s
the surface. After p a r t i a l  r e f l e c t i o n  at the surface, all 
u p w a r d  r e f l e c t e d  r a d i a t i o n  passes t h r o u g h  the a t m o s p h e r e  a 
second time, s u f f e r i n g  s c a t t e r i n g  by a t m o s p h e r i c  p a r t i c l e s  
b e fore r e a c h i n g  any r a d i a t i o n  sensors.
C h e s a p e a k e  Bay w a t e r s  exhibit a p h e n o m e n o n  termed 
"Orange S h i f t "  (Champ et_ a 1 . 1980). This "shift" is the
8a b i l i t y  of longer w a v e l e n g t h s  to p e n e t r a t e  g r e ater depths  
w h e n  i n c r e a s e d  s u s p e n d e d  sediment c o n c e n t r a t i o n s  a t t e n u a t e  
shorter w a v e l e n g t h s .  U n d e r  high c o n c e n t r a t i o n s ,  orange 
light has the d e e pest p e n e t r a t i o n  and blue light the 
shortest. Near the Po t o m a c  River m o u t h  the p e n e t r a t i o n  
depth of o r ange light (600 nm) is 2 m» at the P o c o m o k e  Sound 
m o u t h  4.5 m, and b e t w e e n  the P o t o m a c  and R a p p a h a n n o c k  R i vers 
6 m (Champ et. a 1 . 1980). The study by C h amp e_t a 1 . ( 1980) 
did not include red light, t h e r e f o r e  no exact a t t e n u a t i o n  
depths can be given for red w a v e l e n g t h s .  L a b o r a t o r y  tests 
by W h i t l o c k  et. a 1 . ( 1977 ) w e r e  c o n d u c t e d  to o b t a i n  u p w e l l i n g
r a d i a n c e  spectra, not e x t i n c t i o n  depths, of s u s p e n d e d
sediment u n der v a r y i n g  c o n c e n t r a t i o n s .  The tested soils, 
from the s u r r o u n d i n g  C h e s a p e a k e  Bay area, have the highest 
r e f l e c t a n c e  v a l u e s  in the red w a v e l e n g t h s .  This is
i m p o rtant if the soils c o n t r i b u t e  s i g n i f i c a n t l y  to the
C h e s a p e a k e  Bay s u s p e n d e d  sediment load, because then the 
r e d - b a n d  L a n d s a t  images are e x p e c t e d  to r e veal the surface 
s e d iment load clearly.
The r e sults of the W h i t l o c k  et_ a 1 . ( 1977 ) tests w ere
i m p o r t a n t  in s h o w i n g  the p r a c t i c a l i t y  of u s ing L a n d s a t  red
band imagery for d e t e c t i n g  C h e s a p e a k e  Bay s u s p e n d e d
sediment. The a t t e n u a t i o n  depths o b t a i n e d  from the Champ et 
a 1 . ( 1980 ) study f u r ther showed that sensed r a d i a n c e  from
t y p i c a l  s u s p e n d e d  sediment c o n c e n t r a t i o n s  is all from a
depth of less than a few m e tres. This is important b e c a u s e 
r a d i a n c e  v a r i a t i o n s  w o u l d  be due, not to b o t t o m  refl e c t i o n ,
9but to b a t h y m e t r i c  i n f l u e n c e s  on n e a r - s u r f i c i a 1 s u s p e n d e d  
s e d iment c o n c e n t r a t i o n s .
US E  OF R EM O T E  S E N S I N G FOR THE C H E S A P E A K E  BAY
R e m o t e  se n s i n g  has been r e a l i z e d  as an i n e x p e n s i v e  
t e c h n i q u e  for o b t a i n i n g  data over a large area. The limited 
C h e s a p e a k e  Bay s p a tial c o v e r a g e  by a e r i a l  p h o t o g r a p h y  is 
r e s t r i c t i v e  w h e n  n e a r - i n s t a n t a n e o u s  c o v e r a g e  of the larger 
C h e s a p e a k e  Bay is req u i r e d .  A l t h o u g h  a e rial o b s e r v a t i o n s  of 
the entire Bay s y s t e m  are q u i c k e r  than s h i p b o a r d 
o b s e r v a t i o n s ,  a e r i a l  o b s e r v a t i o n s  are still of limited v a l u e 
due to the time r e q u i r e d  for c o m p l e t e  c o v e rage. The time 
r e q u i r e d  for low a l t i t u d e  o b s e r v a t i o n s  of C h e s a p e a k e  Bay 
r e s u l t s  in s i g n i f i c a n t  temporal v a r i a t i o n s  d u r i n g  any one 
flight. An i n c r e a s e  in sensor a l t i t u d e  w o uld reduce
c o v e r a g e  time, m a k i n g  it mor e  synoptic. N e a r - s y n o p t i c
c o v e r a g e  is n e c e s s a r y  b e c a u s e  of d y n a m i c  w a t e r  s u r face and
a t m o s p h e r i c  c o n d i t i o n s .
The advent of the o r b i t i n g  s a t e l l i t e  has added to
remote s e n s i n g  the new d i m e n s i o n  of s y n optic c o v e r a g e  of 
large areas. The first of the L a n d s a t  s a t e l l i t e s  was 
la u n c h e d  in July 1972 as ERTS-1 (Earth R e s o u r c e s  T e c h n o l o g y  
S a t e l l i t e ) ,  w h i l e  L a n d s a t s  2 and 3 w ere lau n c h e d  in J a n u a r y  
1975 and M a rch 1978 r e s p e c t i v e l y .  L a n d s a t  4 was l a u nched in 
July 1982 but c o n t r i b u t e d  no imagery to this study be c a u s e  
of data u n a v a i l a b i l i t y  d u r i n g  i n s t r u m e n t  c a l i b r a t i o n .
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L a n d s a t s  1-3 were p l aced in s u n - s y n c h r o n o u s  orbits at a
no m i n a l  a l t i t u d e  of 900 km, taki n g  103 m i n u t e s  to c o m plete  
one orbit. Any one s a t e l l i t e  takes 18 days to r e t u r n  to an 
earlier point of cov e r a g e .
There are two r e m o t e  s e n sing systems on each of 
L a n d s a t s  1, 2, and 3. The r e t u r n  beam v i d i c o n  (RBV) is a
s y s t e m  of t e l e v i s i o n - 1 ike cameras w h i c h  i n s t a n t a n e o u s l y  
image a 185 km x 185 km area at 79 m r e s o l u t i o n .  RBV 
imagery was not used in this study. The mu 1 1 i - s p e c t r a 1
scanner (MSS) senses in four w a v e l e n g t h  bands: 500 to
600 nm (green), 600 to 700 nm (red), and in r e f l e c t e d  
i n f r a r e d  at 700 to 800 nm and 800 to 1100 n m , d e s i g n a t e d  as 
c h a n n e l s  4, 5, 6, and 7 r e s p e c t i v e l y .  An o s c i l l a t i n g  m i r r o r
in 25 seconds scans a 185 km by 185 km image at the ground
r e s o l u t i o n  of 79 m.
R e g i o n a l  studies in C h e s a p e a k e  Bay have u t i l i z e d
s a t e l l i t e  data. S k y l a b  conical scanner data wer e  used in a 
study of s u s p e n d e d  s e d iment v a r i a t i o n s  and m o v e m e n t  in the 
R a p p a h a n n o c k  River (Ni c h o l s  and O b e r h o l t z e r  1975). L a n dsat 
has been used in an a t t e m p t  to m ap sediment c o n c e n t r a t i o n s  
in the C h e s a p e a k e  Bay t r i b u t a r i e s  ( W i l l i a m s o n  and G r a b a u
1973), to e x a mine c o r r e l a t i o n s  b e t w e e n  r a d i a n c e  and 
s u s p e n d e d  sediment or c h l o r o p h y l l  ( B o wker e t a 1. 1973, 1975, 
1976), and to study t u r b i d i t y  p a t t e r n s  and c i r c u l a t i o n  in 
the P o t o m a c  River ( S c h u b e r t  and M a c L e o d  1973, K r i t i k o s  and 
Y o r i n k s  1974) and C h e s a p e a k e  Bay m o u t h  (Munday and F e d o s h
1980, 1981). A single H C M M  thermal image of the lower
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P o t o m a c  River was in c l u d e d  in a study on e s t u a r i n e  
c i r c u l a t i o n  u s i n g  t h e r m a l  imagery (Wiesnet 1980). To date, 
no study of s u s p e n d e d  p a r t i c u l a t e  t r a n s p o r t  or c i r c u l a t i o n  
for the V i r g i n i a n  p o r t i o n  of C h e s a p e a k e  Bay has been 
r e p o r t e d  u s i n g  L a n d s a t  data.
The largest data sets used for La n d s a t  studies ou t s i d e  
C h e s a p e a k e  Bay w e r e  36 (Klein as and Polis 1977) and 2 2
( F i n l e y  and B a u m g a r d n e r  1980), w h i l e  for the C h e s a p e a k e  Bay 
mouth, the mos t  images used w e r e  50 and 81 by K u n d a y  and 
F e d o s h  (1980 , 1981 ) and 18 by B o w k e r  et a 1 . ( 1975 ). C a u t i o n  
must be e x e r c i s e d  w h e n  i n t e r p r e t i n g  a limited L a n d s a t  data 
set. Any i n f e r r e d  c i r c u l a t i o n  or t u r b i d i t y  p a t t e r n  may be 
due only to c o n d i t i o n s  p r e s e n t  d u r i n g  the o v e r p a s s  w h i c h  may 
be li m i t e d  to a small r a n g e  of cond i t i o n s .
This study c o n c e n t r a t e s  on the V i r g i n i a n  p o r t i o n  of 
C h e s a p e a k e  Bay south of the P o t o m a c  River mouth. The lower 
C h e s a p e a k e  Bay has been the subject of v a r i o u s  s h i p - b o r n e  
and l o c a l i z e d  r e mote s e n s i n g  studies c o n c e r n i n g  sed i m e n t s 
and c i r c u l a t i o n .  This is the first e x t e n s i v e  La n d s a t  study 
of lower C h e s a p e a k e  Bay, and it u t i l i z e s  an image data set 
w i t h  over triple the c o m b i n e d  data total for cruise and 
r e m o t e l y  sensed data in the l i t e r a t u r e  a p p l i e d  h e r e t o f o r e  to 
the lower C h e s a p e a k e  Bay.
O B J E C TIVES
S u r f a c e  w a t e r  t u r b i d i t y  is a f f e c t e d  by te m p o r a l  (tidal 
and seasonal) and spatial v a r i a t i o n s  (tidal scour, wind 
m i x i n g ,  depth, and river d i s c h a r g e ) .  One of the p u r p o s e s  of 
this study is to i n v e s t i g a t e  the m a g n i t u d e  of c h a n g e  c a used 
by each d e t e r m i n a n t  of s u r face turb i d i t y .  This study, 
u t i l i z i n g  a large L a n d s a t  data set in c o n j u n c t i o n  w i t h  the 
s h i p - b o r n e  results of p r e v i o u s  studies, i d e n t i f i e s  the 
v a r i o u s  i n f l u e n c e s  on su r f a c e  t u r b i d i t y  in lower C h e s a p e a k e  
Bay .
A n o t h e r  p u r p o s e  of this study is to use s u s p e n d e d  
s e d i m e n t  to trace o v e r a l l  c i r c u l a t i o n  in lower C h e s a p e a k e  
Bay by f i l t e r i n g  out the t e m p o r a l  and spatial changes. No 
g r o u n d  truth data are a v a i l a b l e  for the 102 L a n dsat dates, 
t h e r e f o r e ,  the L a n d s a t  " s n a p s h o t s "  are used only to infer 
d i r e c t i o n a l  m o v e m e n t  and not v e l o c i t y  over a tidal cycle. 
I n f o r m a t i o n  from L a n d s a t  data is c o m p a r e d  to c i r c u l a t i o n  
m a p s  in the l i t e r a t u r e ,  to v e r i f y  inferred m o v e m e n t  or to 
note c i r c u l a t o r y  f e a t u r e s  not r e p r e s e n t e d  in the maps.
Finally, L a n d s a t  data are e x a m i n e d  for p o s s i b l e  
s u s p e n d e d  sediment pa t h w a y s .  R e s u l t s  from p r e v i o u s  studies 
of s u s p e n d e d  sediment and lower C h e s a p e a k e  Bay c i r c u l a t i o n  
are c o m p a r e d  to L a n d s a t  tidal cycle t u r b i d i t y  v a r i a t i o n s .  
The r e s u l t s  of c o m p a r i s o n  are used to locate sediment 
s o u rces and sinks, p r o v i d i n g  new e v i d e n c e  for r e s o l u t i o n  of
12
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the C h e s a p e a k e  Bay sediment budget problem. Data for the 
p r e v i o u s  s u s p e n d e d  sediment studies were o b t a i n e d  from 
cruises. The u s e f u l n e s s  of data c o l l e c t e d  over a long time 
p e r i o d  to r e p r e s e n t  a short term c o n d i t i o n  is d e t e r m i n e d  by 
c o m p a r i n g  L a n d s a t  data w i t h  cruise data c o l l e c t e d  d u r i n g  the 
o p e r a t i o n a l  p e r i o d  of Landsat.
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S o u t h e r n  C h e s a p e a k e  Bay, from the P o t omac River to the 
Bay mouth, is i n c luded in one L a n d s a t  scene: path 15, row
34 (Figure 1). Scenes w i t h  30% and less cloud cover w e r e
i n s p e c t e d  on m i c r o f i l m  at the U n i t e d  States G e o l o g i c a l
Surv e y  U s e r s  C e n t e r  in Reston, V i r g i n i a ,  to d e t e r m i n e  their 
s u i t a b i l i t y  for the study. E i g h t y - o n e  dates of L a n d s a t  
imagery w e r e  o b t a i n e d  from the U n i t e d  States G e o l o g i c a l
Surv e y  EROS Data Center, Sioux Falls, South Dakota. Some 
im a gery was on file at the V i r g i n i a  I n s t i t u t e  of M a r i n e  
S c i e n c e  R e mote S e n s i n g  C e nter p r e v i o u s  to this study, t h ough  
m a n y  images w ere c l o u d - i m p a c t e d .  S e v e n t y - t h r e e  images are 
18.5 cm ( 1 : 1 , 0 0 0 , 0 0 0 )  p o s i t i v e  t r a n s p a r e n c i e s  of MSS band 5, 
s i x t e e n  images are 55.8 mm ( 1 : 3 , 3 6 9 , 0 0 0 )  p o s i t i v e  
t r a n s p a r e n c i e s  of MSS band 5 only, and t h i r t y - t w o  scenes are 
55.8 mm p o s i t i v e  t r a n s p a r e n c i e s  of MSS bands 4 to 7. 
M u l t i p l e  format imagery exists for several dates.
A c t u a l  times of high and low w a t e r  for S e w ells Point, 
H a m p t o n  Roads, V i r g inia, were o b t a i n e d  from the N a t i o n a l  
O c e a n  Survey, R o c k v i l l e ,  Mar y l a n d .  Each image was a s s i g n e d  
a time, in hours and mi n u t e s ,  a c c o r d i n g  to w h e t h e r  the 
o v e r p a s s  was b e fore (-) or after (+) the most recent a c tual 
high tide at S e w e l l s  Point. Figure 2 shows how the o v e r p a s s
14
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o v e r p a s s  times and dates for L a n d s a t  span the diurnal tidal 
cycle and m o n t h s  of the year.
Win d  data were o b t a i n e d  from the N o r f o l k  R e g i o n a l  
Ai r p o r t  w e a t h e r  st a t i o n  ( F igure 3). The data were in
a g r e e m e n t  w i t h  P a t uxent Naval Air S t a t i o n  wind data except 
for a shift of n o rth w i n d s  to n o r t h w e s t e r l y  winds. The 
N o r f o l k  w i n d  data were p r e s e n t e d  at t h r e e - h o u r  intervals, 
c o v e r i n g  up to five days p r e v i o u s  to each o v e r pass. The
win d  data wer e  v e c t o r - a v e r a g e d  u s i n g  an A p ple com p u t e r
p r o g r a m  for f i v e - d a y  and 1 2 - h o u r  p e r i o d s  t e r m i n a t i n g  at the 
ov e r p a  s s t i m e .
F R E S H W A T E R  D I S C H A R G E  A N A L Y S I S
T u r b i d  plumes were seen off the James River m o u t h  in 
the L a n d s a t  imagery. The g e n e r a l  area of the James River 
t u r b i d i t y  m a x i m u m  is pr e s e n t  in all L a n d s a t  images. Most 
images show a t u r b i d i t y  d i s c o n t i n u i t y  b o u n d a r y  d o w n s t r e a m  of 
the t u r b i d i t y  m a x i m u m .  This d i s t i n c t  t u r b i d i t y  m a x i m u m  
b o u n d a r y  is the only r e p e t i t i v e ,  t u r b i d i t y - r e l a t e d  f e a ture 
that is p r e s e n t  i r r e s p e c t i v e  of t e m poral and m e t e o r o l o g i c a l  
v a r i a t i o n s .  The only change in the t u r b i d i t y  b o u n d a r y  is 
its l o c a t i o n  w h i c h  is a f f e c t e d  by f r e s h w a t e r  flow and tides. 
The b o u n d a r y ' s  m o n t h l y  p r e s e n c e  and f r e s h w a t e r - r e l a t e d  
l o c a t i o n  shift m a k e  it s u i t a b l e  for i n v e s t i g a t i n g  f r e s h w a t e r  
i n f l u e n c e s  on C h e s a p e a k e  Bay turbidity. The d o w n s t r e a m  
l o c a t i o n s  of the t u r b i d i t y  b o u n d a r y  c o m p a r e d  to prior
o'* •
'O.
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A. Dates of Landsat images. Solid line: wind frequency. Dotted line: average
wind speed in knots.
B. The record for 1946 - 1970. Wind frequency only. 
Figure 3. Wind Frequency at Norfolk Airport, Virginia.
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f r e s h w a t e r  d i s c h a r g e s  should help d e t e r m i n e  w h e t h e r  similar 
d i s c h a r g e s  p r o d u c e d  the turbid plumes o b s e r v e d  at the James 
River mouth. Prior f r e s h w a t e r  d i s c h a r g e s  w e r e  used b e cause 
time is r e q u i r e d  for w a t e r  to t r a v e r s e  the d i s t a n c e  from the 
d i s c h a r g e  g a u g i n g  s t a t i o n  at R i c h m o n d  to the general 
t u r b i d i t y  m a x i m u m  l o c a t i o n  near Hog Point.
F r e s h w a t e r  d i s c h a r g e  was i n v e s t i g a t e d  to d e t e r m i n e  if 
it had any r e l a t i o n  to James River t u r b i d i t y  plumes or 
w h e t h e r  the plumes w e r e  due to H a m p t o n  Roads tidal 
r e s u s p e n s i o n . In c l o u d - f r e e  images, the d o w n s t r e a m  b o u n d a r y 
of the t u r b i d i t y  m a x i m u m  was v i s u a l l y  d e t e r m i n e d  and its 
l o c a t i o n  m e a s u r e d  in k i l o m e t r e s  from the river mouth. The 
area of high, u n i f o r m  r e f l e c t a n c e  a c ross the James River was 
c h o s e n  as the t u r b i d i t y  m a x i m u m  b o u ndary. D o w n s t r e a m  of 
this area there wer e  spatial r e f l e c t a n c e  d i f f e r e n c e s  w h e r e  
lower r e f l e c t a n c e  (lower t u r b i d i t y )  was seen over the James 
River c h a n n e 1.
The daily v o l u m e  of f r e s h w a t e r  d i s c h a r g e  at Richmond, 
V ir g i n i a ,  was o b t a i n e d  from the U n i t e d  States G e o l o g i c a l  
S u r v e y  W a t e r - D a t a  Report, W a t e r  R e s o u r c e s  Data for V i r g i n i a  
for the years 1 9 7 2 - 1 9 8 1 .  The daily d i s c h a r g e  was a v e r a g e d  
for three w e e k s  p r e v i o u s  to a L a n dsat o v e r p a s s .  Each day's 
d i s c h a r g e  was c o m p a r e d  to the a v e r a g e  to d e t e r m i n e  the 
p e r c e n t  above or b e l o w  a v e r a g e  d i s c h a r g e .  M u l t i p l e  
r e g r e s s i o n  a n a l y s i s ,  u s i n g  the SPSS p a c k a g e  i m p l e m e n t e d  on 
the W i l l i a m  and Mary IBM 370 Model 158 com p u t e r ,  was a p p l i e d  
to d e t e r m i n e  how lag time, f r e s h w a t e r  d i s c h a r g e  ( c o m p a r e d  to
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a v e r a g e  d i s c h a r g e ) ,  and wind i n f l u e n c e d  the t u r b i d i t y  
m a x i m u m  location.
An a t tempt to study f r e s h w a t e r  d i s c h a r g e  ef f e c t s  in the 
P o t o m a c  River was not as s u c c e s s f u l  due to the few dates of 
n o t a b l e  t u r b i d i t y  in the river.
E N H A N C E M E N T  AND V I S U A L  A N A L Y S I S
The i m a gery was v i s u a l l y  i n s p e c t e d  for t u r b i d i t y  
b o u n d a r i e s .  A t u r b i d i t y  b o u n d a r y  is a linear or a r c u a t e  
f e a t u r e  w h i c h  m a r k s  a v i s u a l  spatial d i s c o n t i n u i t y  in 
t u r b i d i t y  levels. T u r b i d i t y  b o u n d a r i e s ,  i n f l u e n c e d  by 
s u s p e n d e d  sediment c o n c e n t r a t i o n s ,  are d e t e c t e d  by L a n d s a t  
and must be sharp e n o u g h  to be v i s u a l l y  d e t e c t e d  a l o n g  a 
1 inear f r o n t .
F r o m  v i s u a l  i n s p e c t i o n  of 18.5 cm L a n dsat images on a 
light table, L a ndsat data w e r e  used to p r o d u c e  t r a n s p a r e n t  
o v e r l a y s  w i t h  traced t u r b i d i t y  b o u n d a r i e s  ( F igure 4). A 
B a u s c h  and Lomb Z T 4 - H  Z oom T r a n s f e r  Scope was used to 
en l a r g e  the MSS band 5 70 mm La n d s a t  imagery to the La n d s a t  
1 : 1 , 0 0 0 , 0 0 0  scale. T u rbid b o u n d a r i e s  were traced onto 
t r a n s p a r e n t  base maps.
The f o u r - b a n d  70 mm L a n d s a t  images w ere e n h a n c e d  w ith 
an I n t e r n a t i o n a l  Im a g i n g  S y s t e m s  (I2S) color a d d i t i v e  v i e w e r  
and w e r e  p h o t o g r a p h e d  on color slide (35 mm) film. The 
slides wer e  p r o j e c t e d  onto a screen at 1 : 1 , 0 0 0 , 0 0 0  scale for 
a n a l y s i s .  Turbid b o u n d a r i e s  w e r e  traced onto screen m o u n t e d
Figure 4. Turbidity Boundary Tracing, 13 Feb 1973, 5:08. Light and Dark Areas, 
Relative to Adjacent Waters, are Marked L and D Respectively.
22
t r a n s p a r e n c i e s  .
The 18.5 cm L a n d s a t  images were also e n h a n c e d  w i t h  an 
I n t e r n a t i o n a l  Im a g i n g  S y s tems (l2s) 3 2 - c h a n n e l  op t i c a l  
d e n s i t y  a n a l y z e r  w i t h  a c o l o r - c o d e d  t e l e v i s i o n  display. A 
b l ack m a s k  was used to cover land areas and focus a t t e n t i o n  
on w a t e r  patterns. The e n h a n c e d  image on the t e l e v i s i o n  
d i s p l a y  was p h o t o g r a p h e d  on color slide fil m  for later 
c o m p a r i s o n  w i t h  the v i s u a l l y  a n a l y z e d  t r a n s p a r e n c i e s  ( F igure 
5). An a c e t a t e  sheet was placed over each image on the I2S 
light table for d e n s i t y  c o n t o u r  tracing. The a n a lyst 
m a n i p u l a t e d  a pen on the t r a n s p a r e n c y ,  w h i l e  v i s u a l l y  
f o l l o w i n g  the pen on the t e l e v i s i o n  di s p l a y ,  and t h ereby 
p r o d u c e d  the d e n s i t y  c o n t o u r  o v e r l a y  ( F i g u r e  6). This 
o v e r l a y  was the same scale as the image and did not have any 
g e o m e t r i c  d i s t o r t i o n s  w h i c h  result from the t e l e v i s i o n  or 
p h o t o g r a p h i c  process.
The v i s u a l  and e n h a n c e d  a n a l y s e s  p r o d u c e d  t u r b i d i t y  
b o u n d a r y  and p h o t o g r a p h i c  d e n s i t y  co n t o u r  map s  r e s p e c t i v e l y .  
The t u r b i d i t y  b o u n d a r y  m aps r e f lect the eye's a b i l i t y  to 
de t e c t  only sharp g r a d i e n t s .  The eye tends to extend sharp 
t u r b i d i t y  b o u n d a r i e s  a c ross w e a k  g r a d i e n t s .  E n h a n c e d
imagery c o n t a i n s  p h o t o g r a p h i c  d e n s i t y  g r a d i e n t s  w h i c h  are 
r e l a t e d  to t u r b i d i t y  levels. E n h a n c e m e n t  is s e n s i t i v e  to 
w e a k  d e n s i t y  c h a n g e s  w h i c h  reveal t u r b i d i t y  d i f f e r e n c e s  not 
d e t e c t e d  v i s u a l l y .  T u r b i d i t y  b o u n d a r i e s  can be lost t h r ough 
e n h a n c e m e n t  if they cross w e a k  t u r b i d i t y  g r a d ients. The 
a s s o c i a t e d  p h o t o g r a p h i c  d e n s i t y  g r a d i e n t s  are b o u n d e d  by
Figure 5. Color Print of an Enhanced Landsat Image, 13 Feb 1973.
Low to high turbidity in Chesapeake Bay: blue, violet, red, yellow, amber.

Figure 6. Density Contour Map, 13 Feb 1973, 5:08. Contours Join in Areas
of Steep Density Gradients.
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d e n s i t y  i s o p leths w h i c h  w o uld dissect and m a s k  the visual 
t u r b i d i t y  boundary.
The two a n a l y t i c a l  m e t h o d s  e n h a n c e  d i f ferent a s pects of 
the imagery. V i sual a n a l y s i s  d e t e c t s  sharp, localized, 
f e a t u r e s  that can be b r o k e n  up and lost in e n h a n c e m e n t .  
E n h a n c e m e n t  can detect subtle ch a n g e s  and rep r e s e n t  them as 
c o n t i n u o u s  fe a t u r e s ,  plus p r o v i d e  r e p e a t a b i l i t y  in d e t e c t i n g  
the same features.
O P T I C A L  D E N S I T Y  A N A L Y S I S
T E C H N I Q U E - - O p t i c a 1 d e n s i t y  a n a l y s i s  was p e r f o r m e d  on 59 
18.5 cm La n d s a t  images u s i n g  a B r u m a c  Ind u s t r i e s  Spot 
D e n s i t y  A n a l y z e r .  A X mra square graph paper o v e rlay was 
used, each square c o r r e s p o n d i n g  to 1 km on the Landsat image 
h a v i n g  a scale of 1 : 1 , 0 0 0 , 0 0 0 .  S a m p l i n g  tra n s e c t s  were 
e s t a b l i s h e d  by b l a c k e n i n g  a series of 1 mm sample stations 
(Figure 7). The C h e s a p e a k e  Bay s h o r e l i n e  was traced onto 
the overlay, p e r m i t t i n g  s h o r e l i n e  m a t c h i n g  on the o v e r l a y 
and image, w h i c h  i n s ured a r e p e a t a b i l i t y  of transect s t a tion 
l ocations. A s t a t i o n  was r e g i s t e r e d  for m e a s u r e m e n t  of 
op t i c a l  d e n s i t y  by m o v i n g  an image w ith its g r a p h i c a l  
o v e r l a y  until the a n a l y z e r  light bea m  passed through the 
s t a tion square on the overlay. F o l d i n g  back the p a r t i a l l y  
f a s t e n e d  o v e r l a y  then a l l o w e d  that s t a t i o n  to be o p t i c a l l y  
samp led.
A N C I L L A R Y  D A T A - - D e p t h  and p e r c e n t a g e  of bottom sediment
Figure 7. Sampling Transects for Optical Density Analysis. T-T': Bay Channel; 
A-A': Smith Point-Tangier Island-Pocomoke Soimd; B-B': Wolf Trap Shoals- 
Nassawadox Creek; C-C': Poquoson Flats-Town of Cape Charles.
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(clay, silt, sand) data wer e  a c q u i r e d  for each transect  
station. The depths w e r e  taken from the base map used for 
the p u b l i s h e d  map titled B a t h y m e t r y  of the C h e s a p e a k e  Bay 
( G o l d s m i t h  and S u t t o n  1977). The t r a n s e c t  s t a tions were
e n l a r g e d  to the base map scale on an overlay. The e n l a r g e d
overlay, on a roll of g r a p h  paper, was p l a c e d  on the a c e t a t e  
base map c o n s i s t i n g  of h a n d w r i t t e n  d e pth readings. Four to 
9 of the d e pth r e a d i n g s  w ere a v e r a g e d  to o b t a i n  the depth at 
each o n e - s q u a r e - k i l o m e t r e  st a t i o n  (F i g u r e  8).
B o t t o m  s e d i m e n t  m aps s h o w i n g  p e r c e n t a g e  of clay, silt, 
and sand d e t e r m i n e d  by Byrne et a 1 . ( 1982 ) were m a t c h e d  to
the e n l a r g e d  t r a nsect s t a tion overlay. The sediment  
stations, at 1 k i l o m e t r e  intervals, p r o v i d e d  the p e r c e n t a g e s  
for the closest trans e c t  station.
S A M P L I N G  T R A N S E C T S — S a m p l i n g  t r a n s e c t s  were chosen to 
p r o v i d e  m a x i m u m  g e o g r a p h i c  c o v e r a g e  and w e r e  located w h e r e  
v a r y i n g  te m p o r a l  and spatial f a c t o r s  can affect surface 
tu r b idity. The almost p e r p e n d i c u l a r  o r i e n t a t i o n  of
tr a n s e c t s  m a d e  them e i t h e r  n o r m a l  or pa r a l l e l  to the
d o m i n a n t  n o rth and west winds. This o r i e n t a t i o n  allows for
the i n v e s t i g a t i o n  of d o w n w i n d  su r f a c e  t u r b i d i t y  levels due 
to d i f f e r e n t  wind d i r e c t i o n s  and fetch.
One of the s a m p l i n g  tr a n s e c t s  c o n t a i n e d  120 stations  
a l o n g  the m a i n  Bay axis. The transect was placed over the 
deep c h annel so that the effect of b o t t o m  s c o u r i n g  on 
s u r face t u r b i d i t y  w o u l d  be m i n i m a l .  The transect lo c a t i o n  
is s i m ilar to the su r f a c e  t u r b i d i t y  p r o f i l e  used by H a r r i s
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et a 1 . ( 1980 ). The t r a nsect is normal to the P o t omac River
and C h e s a p e a k e  Bay m o u t h s  to give some i n d i c a t i o n  of the 
effect of fluvial and o c e a n i c  t u r b i d i t y  on Bay turbidity.
The t r a nsect b e gins n o rth of the P o t o m a c  River and reaches
s o u t h w a r d  to L y n n h a v e n  Inlet.
Cross Bay t r a n s e c t s  (Figure 7) w e r e  g e n e r a l l y  plac e d  in 
areas w h i c h  h ave w i d e  rang e s  in b a t h y m e t r y ,  w i t h  s i g n i f i c a n t  
p o r t i o n s  less than 6.6 m e t r e s  ( F igure 8). The b a t h y m e t r i c  
v a r i a t i o n s  a l l o w e d  for study of b a t h y m e t r i c  i n f l u e n c e s  on 
surface t u r b i d i t y  and for what depths L a n d s a t  is " s e n s i n g " 
the Bay floor.
The Smith Point to P o c o m o k e  Sound (A) t r a nsect (36 
stations) was c h o s e n  to show the e f f e c t s  w h i c h  Po t o m a c  River 
f r e s h w a t e r  d i s c h a r g e  and tidal c u r r e n t s  have on C h e s a p e a k e  
Bay s u r face t u r b i d i t y .  S h a l l o w  flats near T a n g i e r  Island 
and P o c o m o k e  S o und wer e  i n c l u d e d  and the transect e x t e n d e d  
a c r o s s  the T a n g i e r  and P o c o m o k e  Sound m o u t h s  to d e t e r m i n e  
w h e t h e r  their w a t e r s  inf l u e n c e  Bay t u r b i d i t y .  The Po t o m a c  
R i v e r  also p r o v i d e s  a fetch for w a v e s  d r i v e n  by w e s t e r l y
winds. The t r a n s e c t  shows the reach of w i n d - d r i v e n  Po t o m a c  
River w a t e r  into C h e s a p e a k e  Bay.
The P o q u o s o n  Flats to Cape C h a r l e s  City (C) transect 
(23 stations) was chos e n  to d e t e r m i n e  the m a g n i t u d e  of Bay 
m o u t h  tidal i n f l u e n c e s  and w h e t h e r  La n d s a t  was s e n sing
P o q u o s o n  Flats b o t t o m  sediment in w a t e r  depths less than 
3 m .
The Wolf Tra p  Shoa l s  to N a s s a w a d o x  C r e e k  ( b ) t r a nsect
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(22 stations) was located away from f r e s h w a t e r  and Bay m o u t h  
tidal i n f l uences and was chosen to e x a m i n e  tidal and 
m e t e o r o l o g i c a l  causes of t u r b i d i t y  v a r i a t i o n s .
The Bay channel and three c r o s s - B a y  r e s i d u a l  optical 
d e n s i t y  p r o f i l e s  w e r e  u sed to show the areas of above and 
b e l o w  a v e r a g e  t u r b i d i t y  d u r i n g  d i f f e r e n t  tidal and 
m e t e o r o l o g i c a l  c o n d i t i o n s .  A d d i t i o n a l  p r o f i l e  i n f o r m a t i o n  
also showed spatial c h anges in s u s p e n d e d  sediment
c o n c e n t r a t i o n s .  Lower C h e s a p e a k e  Bay map s  of above and
b e l o w  a v e r a g e  t u r b i d i t y  levels were mad e  by c o m b i n i n g  the 
r e s i d u a l  op t i c a l  d e n s i t y  p r o f i l e  and v i s u a l  a n a l y s i s  
results. The maps showed ge n e r a l  areas of above and b e low 
a v e r a g e  tu b i d i t y  with no fixed b o u n d a r i e s .
I M A G E N O R M A L I Z A T I O N
Some areas, such as u n v e g e t a t e d  beaches, and low
t u r b i d i t y  w a t e r s  of lakes and the o f f s h o r e  A t l a n t i c  Ocean, 
should have r e l a t i v e l y  stable r e f l e c t a n c e  levels t h r o u g h o u t  
the year. L a n dsat does not sense a c o n s t a n t  r e f l e c t a n c e  
from these stable areas due to a t m o s p h e r i c  v a r i a t i o n s ,  and 
the images from the U n i t e d  States G e o l o g i c a l  Survey are not 
u n i f o r m  from date to date b e c a u s e  of film p r o c e s s i n g  
v a r i a t i o n s .  The r e f l e c t a n c e  v a r i a t i o n s  p r e s e n t e d  in each 
p h o t o g r a p h i c  image need a d j u s t m e n t  to n o r m a l i z e  a t m o s p h e r i c  
v a r i a t i o n s .  A n o r m a l i z a t i o n  p r o cess r e q u i r e s  first the 
s e l e c t i o n  of areas that should have stable r e f l e c t a n c e
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values.
N u m e r o u s  beach and w a ter sites were sampled in each 
image to locate stable m a x i m u m  (dark) and m i n i m u m  (bright) 
op t i c a l  de n s i t y  values. Most l o c a t i o n s  were e l i m i n a t e d  
b e c a u s e  of wide v a r i a t i o n s  in m e a s u r e d  density, w h i l e  a few 
p r o d u c e d  small o p t i c a l  d e n s i t y  v a r i a t i o n s  for all dates. 
M a x i m u m  and m i n i m u m  o p t i c a l  d e n s i t y  v a l u e s  for a given date 
w e r e  s i m ilar at several sample sites. This s i m i l a r i t y  m e ant  
that b a c k u p  loc a t i o n s  e x i s t e d  w h e n e v e r  cloud cover p r e v e n t e d  
r e a d i n g s  fro m  b e i n g  taken at the p r i m a r y  m a x i m u m  or m i n i m u m  
o p t i c a l  d e n s i t y  stations. M i n i m u m  d e n s i t y  v a l u e s  w e r e  taken 
from w i d e  sandy areas on the A t l a n t i c  coast beaches, the 
p r i m a r y  site b e ing at False Cape, Vir g i n i a ,  w i t h  a back u p  at 
C h i n c o t e a g u e , M a r y l a n d .  The p r i m a r y  m a x i m u m  d e n s i t y  area 
was the o f f s h o r e  A t l a n t i c  Ocean, w i t h  other sites being 
m i d - c h a n n e l  C h e s a p e a k e  Bay and S u f f o l k  County, V i r ginia, 
lakes and r e s e r v o i r s .
In order to n o r m a l i z e  the raw d e n s i t y  values, an image 
taken u n d e r  ideal a t m o s p h e r i c  c o n d i t i o n s  and wit h  sharp 
p h o t o g r a p h i c  q u a l i t y  had to be c h o s e n  w h o s e  m i n i m u m  and 
m a x i m u m  d e n s i t y  v a l u e s  could be used as s t a n d a r d s  in the 
n o r m a l i z a t i o n  process. A s t a n d a r d  image was s e l ected w h i c h  
had no f e a t u r e s  i n d i c a t i n g  u n d e r d e v e l o m e n t , and w h i c h  had no 
dark h alo a r ound the gray scale due to o v e r d e v e l o p m e n t .  The 
C h e s a p e a k e  Bay B r i d g e - T u n n e 1 was a good q u a lity i n d i c a t o r  of 
the L a n d s a t  80 m r e s o l u t i o n .  M e t e o r o l o g i c a l l y ,  the st a n d a r d  
image was c h o s e n  from late fall and w i n t e r  c l o u d - f r e e  scenes
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wit h  stro n g  w i nds from the n o r t h w e s t  or north. These 
c o n d i t i o n s  are typical for a cold,. dry C a n a d i a n  air mass 
w h i c h  o f fers the c l e a r e s t  a t m o s p h e r i c  c o n d i t i o n s .  A f t e r  a 
v i s u a l  i n s p e c t i o n  of the 18.5 cm L a n d s a t  images, only two 
met the above c o n d i t i o n s .  Of those two, the 17 M a r c h  1979 
image was c h o s e n  as the better. Its m i n i m u m  and m a x i m u m  
d e n s i t y  v a l u e s  of 0.32 and 1.67 r e s p e c t i v e l y  were used as 
s t a n d a r d s  in the n o r m a l i z a t i o n  process.
B e f o r e  each image was sampled, the d e n s i t o m e t e r  was 
c a l i b r a t e d  for 1% a c c u r a c y  w ith s t a n d a r d  film d e n s i t i e s .  
D u r i n g  a n a lysis, the d e n s i t o m e t e r  was c h e c k e d  and c o r r e c t e d  
for drift a f ter each 25 r e a dings. B e f o r e  and a f ter a 
t r a n s e c t  wa s  sampled, the m i n i m u m  and m a x i m u m  de n s i t y  sites 
were r e m e a s u r e d  to v e r i f y  lack of drift in the readings. 
The op t i c a l  d e n s i t y  v a l u e s  that wer e  r e c o r d e d  w ith the 
d e n s i t o m e t e r  wer e  raw, u n a d j u s t e d  va l u e s .  The raw o p t i c a l  
d e n s i t y  data w e r e  t r a n s f o r m e d  using:
N n o r m  = ( ( N r a w  - N m i n i ) / ( Nmaxi - Nmini)) * (Nmaxstd
- Nm i n s t d )  + N m i n s t d
w h e r e  N r a w  is the raw o p t i c a l  d e n s i t y  value, N m axi and N m i n i  
are the m a x i m u m  and m i n i m u m  d e n s i t y  v a l u e s  r e s p e c t i v e l y  for 
the image u n d e r  study. For the s t a n d a r d  image, N m a x s t d  and 
N m i n s t d  are the m a x i m u m  and m i n i m u m  d e n s i t y  v a l u e s  
r e s p e c t i v e l y ,  and N n o r m  is the n o r m a l i z e d  o p t ical d e n s i t y  
value.
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Pr e v i o u s  La n d s a t  studies have shown the u s e f u l n e s s  of 
r e f l e c t e d  solar r a d i a t i o n  in d e t e r m i n i n g  s u s p e n d e d  sediment 
c o n c e n t r a t i o n s .  Bowk e r  e_t a 1 . ( 1975 ), st u d y i n g  s u s p e n d e d
sediment b e t w e e n  the C h e s a p e a k e  Bay and James River m o u t h s ,  
o b t a i n e d  a 92% c o r r e l a t i o n  b e t w e e n  band 5 r a d i a n c e  v a l u e s  
and s u s p e n d e d  s e d iment c o n c e n t r a t i o n s  w ith only rough
a t m o s p h e r i c  c o r r e c t i o n s .  M u n d a y  and A l f o l d i  (1979) and
M u n d a y  e_t a 1 . ( 1979 ) i m p r o v e d  the r e l a t i o n s h i p  by p e r f o r m i n g
a c h r o m a t i c i t y  t r a n s f o r m a t i o n  to p r o d u c e  n o r m a l i z e d  r a d i a n c e  
ratios, and found a 96% c o r r e l a t i o n  b e t w e e n
a t m o s p h e r e - c o r r e c t e d  ratios and 108 p o i n t s  of surface data 
from nine La n d s a t  o v e r p a s s e s  for the Bay of F u n d y .
The above La n d s a t  studies s h o w i n g  the h i g h l y  a c c u r a t e  
s u s p e n d e d  se d i m e n t  c o n e e n t r a t i o n - r e f 1ected r a d i a t i o n
r e l a t i o n s h i p  used g r ound data to c a l i b r a t e  the L a ndsat data. 
This study, u s i n g  n o r m a l i z e d  op t i c a l  d e n s i t y  data, did not 
have any grou n d  data for s e d iment c o n c e n t r a t i o n s .
S i m i l a r i t i e s  b e t w e e n  the o p t i c a l  d e n s i t y  pr o f i l e s  and 
t u r b i d i t y  p r o f i l e s  o b t a i n e d  f r o m  c r uise data (Harris et a 1. 
1980) i n d i c a t e  that the n o r m a l i z e d  o p t i c a l  d e n s i t y  data are 
s u f f i c i e n t  in d e p i c t i n g  g e n e r a l  t u r b i d i t y  levels.
D A T A  S U B S ETS FOR A N A L Y S I S
F o l l o w i n g  n o r m a l i z a t i o n  of all o p t i c a l  d e n s i t y  data, 
g r a p h i c a l  plots w ere m a d e  of the transect data fro m  all 
scenes. A f t e r w a r d s  an a v e r a g e  data set and g r a p h i c a l  plot
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w e r e  made for each tr a n s e c t  (F i g u r e  8). All the d e n s i t y  
v a l u e s  from d i f f e r e n t  dates were t o t a l l e d  for each t r a nsect 
s t a t i o n  i n d i v i d u a l l y .  The sums w e r e  then di v i d e d  by the 
n u m b e r  of data points for each station. The n u m b e r s  of data 
p o ints were not the same for each s t a t i o n  b e c a u s e  of clouds, 
wh ich o c c a s i o n a l l y  p r o h i b i t e d  samp ling of some stations.
F u r t h e r  data r e d u c t i o n  was done u s i n g  the n o r m a l i z e d  
and a v e r a g e d  ( n o r m a l i z e d )  data. The a v e r a g e  t r a nsect data 
set was s u b t r a c t e d  from the data set for each image. The 
result was a r e s i d u a l  data set for each image with a v e r a g e  
c o n d i t i o n s  removed.
The n o r m a l i z e d  r e s i d u a l  data sets for each image were 
a r r a n g e d  in a r e p r e s e n t a t i v e  tidal cycle and a n a l y z e d
s e q u e n t i a l l y .  M e t e o r o l o g i c a l  c o n d i t i o n s  u n i q u e  for each 
date p r o d u c e d  t u r b i d i t y  levels w h i c h  m a s k e d  any t i d ally 
r e l a t e d  trends. Data wer e  m a d e  m o r e  m a n a g e a b l e  by d i v i d i n g
the tidal cycle into subsets and a v e r a g i n g  the i n d i v i d u a l
data sets w i t h i n  each subset. Only four or eight subsets
then had to be a n a l y z e d  instead of the f i f t y - n i n e  dates of
pro f i l e s .  By a v e r a g i n g  the s e p a r a t e  dates, the
m e t e o r o l o g i c a l  e f f e c t s  wer e  lessened and a t u r b i d i t y  p r o f i l e  
was p r o d u c e d  that is m ore r e p r e s e n t a t i v e  of tidal c o n d i t i o n s  
as the size of the data subset increases.
The data w e r e  d i v i d e d  into four subsets, each
r e p r e s e n t i n g  three h o urs in the tidal cycle. The subset 
time p e r iods start w i t h  high, low, or m e a n  w a t e r  levels
w h i c h  a p p r o x i m a t e l y  c o i n c i d e  with the start of d e c r e a s i n g  or
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i n c r e a s i n g  tidal c u r r r e n t s  a c c o r d i n g  to the U.S. D e p a r t m e n t  
of C o m m e r c e  Tidal C u r r e n t s  Tables for the A t l a n t i c  Coast of 
N o rth Ameri c a .  The tidal cycle subsets w e r e  fu r t h e r  d i v i d e d  
into a total of eight subsets each c o v e r i n g  a 1.5 hour 
period. This further s u b d i v i s i o n  n a r r o w s  the time p e r i o d  
and a s s o c i a t e d  tidal e f f ects w h i l e  still m a i n t a i n i n g  an 
a v e r a g e  of seven data sets for each subset.
The n u m b e r  of data sets in each a v e r a g e d  p r o f i l e  
a p p e a r e d  to affect curve s m o o t hness. T h ere was a large 
d i f f e r e n c e  b e t w e e n  curves a v e r a g e d  from two and three data 
sets, the t w o - d a t a  set curves b e ing m o r e  ragged. Some 
c urves a v e r a g e d  f rom 5 or 6 data sets w ere ragged, p e r h a p s 
due to hig h  winds.
To d e t e r m i n e  w h e t h e r  a t u r b i d i t y  v a r i a t i o n  was tide- or
w i n d - r e l a t e d ,  the 3 and 1.5 hour tidal subsets wer e  d i v i d e d
a c c o r d i n g  to a v e r a g e  w i n d s  b l o w i n g  g r e a t e r  or less than 5 
knots over the 12 hour p e r i o d  p r e v i o u s  to the La n d s a t
ove r p a s s .  A c c o r d i n g  to the B e a u f o r t  w i n d  scale, the w a ter 
s u r f a c e  r e m a i n s  smooth with only small w a v e l e t s  w h e n  winds 
are less than 5 knots. Dates wit h  less than 5 knot w i nds 
should t h e r e f o r e  have o p t i c a l  d e n s i t y  p r o f i l e s  with little 
or no w i n d  influence.
The c o m p l e t e  set of o p t i c a l  d e n s i t y  pr o f i l e s  was also 
d i v i d e d  into win d  q u a d r a n t s  based on the a v e r a g e  wind 
d i r e c t i o n  in the 12 hour p e r i o d  p r e v i o u s  to the L a n dsat
o ve r p a s s .  The four win d  q u a d r a n t s  ( 315o-45o, 4 5 o - 1 3 5 o ,
1 3 5 o - 2 2 5 o ,  2 2 5 o - 3 1 5 o )  are c e n t e r e d  around a n o r t h - s o u t h  and
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e a s t - w e s t  o r i e n t a t i o n  w h i c h  r o u g h l y  p a r a l l e l s  the
o r i e n t a t i o n  of the C h e s a p e a k e  Bay axis, and t r i b u t a r y  
e s t u a r i e s  and Bay m o u t h  r e s p e c t i v e l y .  T h ese wind q u a d r a n t s  
w e r e  c h o s e n  to ac c o u n t  for the e f f e c t s  of both fetch and
w in d  d i r e c t i o n  on i n c r e a s i n g  s u r f a c e  t u r b idity. The wind
q u a d r a n t  data sets w e r e  then s u b d i v i d e d  a c c o r d i n g  to 12 hour 
a v e r a g e  w ind speeds g r e a t e r  or less than 10 knots. The
d i v i s i o n  was m a d e  at 10 k n ots so that w i n d s  w o u l d  be p r e s e n t  
in each subset. At 10 knots, small w a v e s  wit h  b r e a k i n g  
crests and w i n d - d r i v e n  c u r r e n t s  are c r e a t e d  ( L a velle et a 1. 
1975). The win d  speed s u b d i v i s i o n  is m e a n t  to show ho w  high 
and low w ind speeds affect t u r b i d i t y  levels.
The c o m p l e t e  set of o p t i c a l  d e n s i t y  data was also 
d i v i d e d  into four seasons of three m o n t h s  each. The year 
s t a rted wit h  the w i n t e r  m o n t h s  of D e c ember, January, and
Feb r u a r y .  The se a s o n a l  d i v i s i o n  was to d e t e r m i n e  w h e t h e r  
sea s o n a l  v a r i a t i o n s  in f r e s h w a t e r  d i s c h a r g e  and p r e v a l e n t  
w i n d s  a f f e c t e d  s u r face t u r b idity.
To d e t e r m i n e  w h e t h e r  spring tide c o n d i t i o n s  a f fect 
t u r b i d i t y  levels, data sets f a l l i n g  w i t h i n  a four day p e r i o d  
arou n d  both s p r i n g  tides (Haas 19 77 , Haas e_t a 1 . 1981) w e r e  
a v e r a g e d  to for m  a spring tide class. The imagery i n c l u d e d  
in the spring tide class fell w i t h i n  a four day span, 
r a n g i n g  from one day b e fore to two days after spring tide. 
The dates of spring tide were d e t e r m i n e d  by p l o t t i n g  w a t e r  
h e i g h t s  from the U.S. D e p a r t m e n t  of C o m m e r c e  Tide T a b l e s  for 
the East Coast of N o rth and South A m e r i c a .  For s i m p l i c i t y ,
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data sets in the other 20 of the 28 day m o n t h l y  cycle were 
a v e r a g e d  into a class termed " n o n - s p r i n g " .  The lack of 
change in w a ter c o l u m n  s t a b i l i t y  d u r i n g  neap tide (Haas 
1977, Haas eJL a 1. 1981) did not j u s t i f y  a s e p a r a t e  neap tide 
data set class.
If there was a d i f f e r e n c e  b e t w e e n  spri n g  and n o n - s p r i n g  
tide classes, the spring tide data set was fu r t h e r  
s u b d i v i d e d  by w a t e r  h e ight and w i n d s  d u r i n g  the L a ndsat 
o verpass. A s u b d i v i s i o n  a c c o r d i n g  to w a t e r  h e i g h t s  above or 
below m e a n  water, w i t h  a s s o c i a t e d  f l ood and ebb currents as 
cited above, was to d e t e r m i n e  w h i c h  c u r r e n t s  w ere m o r e 
i nflu e n t i a l .  A win d  s u b d i v i s i o n  into less than 5 knots, 
5-10 knots, and g r e a t e r  than 10 knots, was to d e t e r m i n e  
w h e t h e r  w i n d  i n f l u e n c e d  t u r b i d i t y  levels that a p p e a r e d  
a s s o c i a t e d  with s p r i n g  tide c o n d i t i o n s .
The P R I M E  750 c o m p u t e r  at the V i r g i n i a  I n s t i t u t e  of 
M a r i n e  S c i e n c e  was used for p r o d u c i n g  the n o r m a l i z e d ,  
ave r a g e d ,  and r e s i d u a l  data sets. The P R IME c o m p u t e r  via 
the H o u s t o n  I n s t r u m e n t s  2 2 - i n c h  P l o t t e r  was used to p r o d u c e  
hard copy graphs of all the o p t i c a l  d e n s i t y  data sets v e r s u s  
s t a tion loc a t i o n  in k i l o m e t r e s .  The d e n s i t y  valu e s  were 
a r r a n g e d  from h i g h  (at the origin) to low on the o r d i n a t e  
axis, so that from the inverse t u r b i d i t y - o p t i c a l  d e n s i t y  
r e l a t i o n s h i p ,  the graph d i r e c t l y  i n d i c a t e d  t u r b i d i t y  levels 
in the C h e s a p e a k e  Bay surface waters. The p l o t t e r  spaced 
the t r a n s e c t  s t a t i o n s  at a p p r o x i m a t e l y  1 mm int e r v a l s  a l ong 
the a b s c i s s a  so that the graphs w e r e  p r o d u c e d  to L a ndsat
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image scale.
The de n s i t y  plots w e r e  v i s u a l l y  i n s p e c t e d  for any 
n o t a b l e  trends. The plots w e r e  a r r a n g e d  in o r der of a tidal 
cycle r e l a t i v e  to local h i g h  water. The a d j u s t m e n t  for the 
local tidal phase was m a d e  by s u b t r a c t i n g  the a p p r o p r i a t e  
tidal d i f f e r e n c e  o b t a i n e d  from the H i c k s  (1964) c o t i d a l  line 
chart (Figure 9A) from the a c t u a l  S e w e l l s  Point tidal phase. 
The plots were s u b d i v i d e d  a c c o r d i n g  to season, wind 
d i r e c t i o n  and speed, tidal phase, and spring v e r s u s
n o n - s p r i n g  tide. Bay axis t u r b i d i t y  p r o f i l e s  by H a r r i s  et 
al . ( 1980 ) wer e  c o m p a r e d  to Bay c h a n n e l  d e n s i t y  p r o f i l e s  
fro m  L a ndsat o v e r p a s s e s  o c c u r r i n g  d u r i n g  the one year data 
c o l l e c t i o n  peri o d  e m p l o y e d  by H a r r i s  e_t a 1 . ( 1980).
C I R C U L A T I O N  A N A L Y S I S
To d e t e r m i n e  the effe c t  of tidal c i r c u l a t i o n ,  the 
t u r b i d i t y  and d e n s i t y  m a p s  wer e  c o m p a r e d  to current v e c t o r  
o v e r l a y s .  These v e c t o r  o v e r l a y s  w ere U n i t e d  States Naval 
O c e a n o g r a p h i c  O f f i c e  (1965) C h e s a p e a k e  Bay current charts, 
w h i c h  w ere e n l a r g e d  to the L a n d s a t  scale wit h  the Zoom
T r a n s f e r  Scope (Figure 9B). Each chart, similar to the
imagery, r e f e r r e d  to a time based on high tide at Sewells
Point. The current o v e r l a y s  wer e  at o n e - h o u r  intervals,
p r o v i d i n g  a close tem p o r a l  m a t c h  to c o n d i t i o n s  in any image.
C u r r e n t  v e c t o r  maps f r o m  the m a t h e m a t i c a l  storm surge 
m o d e l  of Chen (1978) w e r e  also c o m p a r e d  to the t u r b i d i t y
QFigure 9A. Modified Hicks (1964) Cotidal Chart Showing Tidal Phase 
Differences Relative to Sewells Point.
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maps (Figure 10). C o n s t r u c t i o n  of o v e r l a y s  was not f e a s i b l e  
due to the large q u a n t i t y  of v e c t o r  arrows, so only a direct 
c o m p a r i s o n  u s i n g  the Z o o m  T r a n s f e r  Scope was made. Chen ran 
the m o d e l  wit h  an a r b i t r a r y  s t a r t i n g  time h a v i n g  no
r e f e r e n c e  to S e w e l l s  Point tidal phases. M o d e l - p r o d u c e d  
water height maps, in c o n j u n c t i o n  w i t h  the current maps, 
were u sed to d e t e r m i n e  w h e n  S e w e l l s  Point high w a t e r
o c c u r r e d  a c c o r d i n g  to m o d e l  time. The q u a n t i t y  of current
maps in the m o d e l  p u b l i c a t i o n  (Chen 1978) is limited w ith a 
4 8 - m i n u t e  inter v a l  b e t w e e n  each map. T h e r e f o r e ,  the time of 
Sewells Point high w a t e r  on the m o d e l  time scale is only 
a c c u r a t e  to w i t h i n  r o u g h l y  30 m i n u t e s .  High water, as 
d e t e r m i n e d  from the w a t e r  heig h t  maps, may not have 
r e p r e s e n t e d  the a c t u a l  time of high water.
The t u r b i d i t y  m a p s  w ere also c o m p a r e d  to a c i r c u l a t i o n  
map that was p r e p a r e d  based on c o n f e t t i  o b s e r v a t i o n s  in the 
C h e s a p e a k e  Bay H y d r a u l i c  Model (Figure 11). The model, at 
the time of these o b s e r v a t i o n s  in July 1981, was u n d e r g o i n g  
a c a l i b r a t i o n  run u s i n g  f r e s h w a t e r  d i s c h a r g e  data from w a t e r  
years ( O c t o b e r  to S e p t e m b e r )  1970 to 1973 and a 2 8 - d a y  lunar 
tidal cycle (McKay 1976). C o n f e t t i  w as t h r o w n  into small 
areas of the m o d e l  and t r a c k e d  over s u c c e s s i v e  tidal cycles. 
L o c a t i o n s  after ebb tide were v i s u a l l y  e s t i m a t e d  and placed 
on a map; lines wer e  drawn b e t w e e n  start and end points 
d e n o t i n g  o b s e r v e d  surface w a t e r  m o v e m e n t .  P h o t o g r a p h y  was 
not u t i l i z e d  for these o b s e r v a t i o n s .  The Zoo m  T r a n s f e r  
Scope was used for direct c o m p a r i s o n  of the h y d r a u l i c  model
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c i r c u l a t i o n  map and t u r b i d i t y  maps.
M O T I O N  P I C T U R E S
I n d i v i d u a l  v i s u a l  a n a l y s i s  of the f o r t y - e i g h t  t u r b i d i t y  
b o u n d a r y  maps was not a p p r o p r i a t e  for t r ying to detect 
t u r b i d i t y  m o v e m e n t  t h r o u g h  the tidal cycle. A n a l y s i s  of
s e p a r a t e  images is l i m ited to c o m p a r i s o n  by o v e r l a y i n g  
i m m e d i a t e l y  a d j a c e n t  maps in the tidal cycle. Also, d a ily
m e t e o r o l o g i c a l  and y e a r l y  f r e s h w a t e r  runoff v a r i a t i o n s
affect t u r b i d i t y  levels sensed for each L a n d s a t  image. 
These n o n - t i d a l  e f f e c t s  can m a s k  t i d a 1 l y - r e 1 ated t u r b i d i t y  
and h i n d e r  d e t e c t i o n  of turbid areas f o l l o w i n g  the m o v e m e n t  
of m a x i m u m  tidal c u r r e n t s  th r o u g h  the r e p r e s e n t a t i v e  tidal 
cycle. B e c a u s e  of these d i f f i c u l t i e s ,  m o t i o n  pi c t u r e s  were 
c o n s t r u c t e d  u s i n g  s e q u e n c e s  of the 18.5 cm L a n dsat
t r a n s p a r e n c i e s .  The L a n d s a t  images, taken b e t w e e n  1972 and 
1981, w e r e  a r r a n g e d  in a r e p r e s e n t a t i v e  tidal cycle for 
a n a lysis. The p u r p o s e  for the m o t i o n  p i c t u r e s  was
two-fold: to d e t e r m i n e  w h e t h e r  data c o l l e c t e d  over a nine
year p e r i o d  could be used to r e p r e s e n t  a tidal cycle, and to 
c r e a t e  m o v e m e n t  th r o u g h  a n i m a t i o n  to see w h e t h e r
tida 11y - r e 1ated t u r b i d i t y  m o v e m e n t  could be d e t e c t e d  and 
e m p l o y e d  in a n a l y s i s  of c i r c u l a t i o n  pa t t e r n s .
Af t e r  p r e l i m i n a r y  t e s t i n g  with 8 mm film, 16 mm film 
was used b e c a u s e  of the v e r s a t i l i t y  of 16 mm c a m eras and the 
larger v a r i e t y  of film types. A camera with a m a n u a l
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s h u tter was used to g u a r a n t e e  a c o n stant number of frames 
per image, and an a d j u s t a b l e  f-stop for p r o p e r  exposure. 
N e g a t i v e  black and w h i t e  film was used so that d i s t r a c t i n g  
c l ouds became black and t u r b i d i t y  was h i g h l i g h t e d .  A w h ite 
a c e t a t e  m a s k  was used to block all land features, r e n d e r i n g  
them black like the clouds. The d a r k  clouds and land
f e a t u r e s  wer e  thus less d i s t r a c t i n g  w h e n  tryi n g  to o b s e r v e  
t u r b i d i t y .  The m a s k  was a t t a c h e d  to the u n d e r s i d e  of a
piece of glass w h i c h  was used to keep the image flat d u r i n g 
filming. The camera was p o s i t i o n e d  looking v e r t i c a l l y  
d o w n w a r d  onto a light table w h e r e  the images were 
p h o t o g r a p h e d .  Marks wer e  m a d e  on the light table glass 
c o r r e s p o n d i n g  with p r o m i n e n t  f e a t u r e s  seen in the imagery. 
M a t c h i n g  these marks and f e a tures r e g i s t e r e d  each scene
r e l a t i v e  to the camera.
A test roll was taken to d e t e r m i n e  the p r o p e r  e x p o s u r e  
for each image. The c a mera was aimed at the darker o f f s h o r e  
A t l a n t i c  Ocean, away from i n t e r f e r i n g  bright landforms, 
w h e r e  the light m e t e r  p r o v i d e d  the co r r e c t  f-stop setting. 
For filming, the image was p h o t o g r a p h e d  at that se t t i n g  and 
one full f-stop on e i t h e r  side for three e x p o s u r e s  of each 
image. E x a m i n a t i o n  of the trial m o v i e  d e t e r m i n e d  the prop e r  
s e t t i n g  for each image. F u r t h e r  a d j u s t m e n t s  wer e  made such 
as bett e r  side i l l u m i n a t i o n  of the land m a s k  and the 
c o v e r i n g  of all m e t a l l i c  and bright o b j e c t s  w h i c h  r e f l e c t e d  
light off the glass into the camera lens.
A f t e r  those r e f i n e m e n t s ,  a second m o v i e  was made. For
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this movie, images w e r e  p h o t o g r a p h e d  m a n u a l l y  at 9 frames, 
w h i c h  w h e n  shown at 18 fps p r o d u c e d  i n t e r v a l s  of s l i ghtly 
less than o n e - h a l f  second per image in the movie. The 
e n t i r e  lower C h e s a p e a k e  Bay was f i l m e d  a c c o r d i n g  to a tidal 
cycle. Small areas w e r e  then f i l m e d  for better v i sual 
c o n c e n t r a t i o n  and c e n t e r e d  near each c r o s s - E a y  o p t ical 
d e n s i t y  transect. The areas c o v e r e d  in this way were Bay 
m o u t h - J a m e s  River, Wolf T r a p - R a p p a h a n n o c k  River, and P o t omac 
R i v e r - T a n g i e r  Island. R e m a i n i n g  film was used to film the 
lower C h e s a p e a k e  Bay a c c o r d i n g  to w i n d  d i r e c t i o n  and the 
E a s t e r n  Shore o c e a n  inlets. A copy of the m o t i o n  pi c t u r e  is 
r e t a i n e d  in the VIMS library.
R E S U L T S
V I S U A L  A N A L Y S I S
T u r b i d i t y  b o u n d a r y  maps w e r e  m a d e  from t h i r t y - s i x  
18.5 cm L a n d s a t  t r a n s p a r e n c i e s  and twelve 77.5 mm L a n d s a t  
t r a n s p a r e n c i e s .  These map s  are of b o u n d a r i e s  b e t w e e n  tonal 
c h a n g e s  w h i c h  r e p r e s e n t  the s h arper t u r b i d i t y  v a r i a t i o n s  in 
a d j a c e n t  wa t e r s .  The t r a n s p a r e n c i e s  wer e  a n a l y z e d  in a 
s e q u e n c e  s t a r t i n g  at low water.
M a n y  images had an area of h i g h e r  t u r b i d i t y  in the
w e s t e r n  half of C h e s a p e a k e  Bay ( F i gure 12). This area
u s u a l l y  r e a c h e d  f rom the R a p p a h a n n o c k  River m o u t h  to the Bay 
mout h .  The h i g h e r  t u r b i d i t y  did not a p p e a r  to c o i n c i d e  w i t h  
any s p e c i f i c  win d  d i r e c t i o n  or tidal phase. T u r b i d i t y  was 
close to the E a s t e r n  Shore from P o c o m o k e  Sound to near 
N a s s a w a d o x  Creek, and a p p e a r e d  p r e v a l e n t  wit h  n o r t h e r l y
w i n d s  ( F i gure 13). The Wolf Trap Shoals area off M a t h e w s  
Co u n t y  was one of the m o r e  turbid areas of s o u t h e r n
C h e s a p e a k e  Bay. At times, those turbid w a t e r s  a p p e a r e d
ar ound llew Point C o m f o r t  and e a s t e r n  M o b j a c k  Bay ( F i gure
14). P o q u o s o n  Flats, in mos t  images, was an area of high 
r e f l e c t a n c e .  Low t u r b i d i t y  w a t e r  was l i mited to the m a i n  
channel u n d e r  high w ind speeds and n o r t h e r l y  w i nds ( F i g u r e
15). In some images, t u r b i d i t y  was lower on the leeward
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Figure 12. Landsat Image Negative, 13 Oct 1980, —1:31.
Note the higher (dark) turbidity in the western half of Chesapeake Bay south of the
Rappahannock River.

Figure 13. Landsat Image Negative, 28 Oct 1979, —5:00.
Note the higher (dark) turbidity along the eastern shore southward from Pocomoke Sound.
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Figure 14. Landsat Image Negative, 10 Oct 1972, —0:16. 
Note the turbid (dark) water from Wolf Trap Shoals into Mobjack Bay.
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Figure 15. Landsat Image Negative, 26 Feb 1974, —1:15.
Note the lower (light) turbidity limited to over the Bay channel during 15 knot northerly winds.
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side of the C h e s a p e a k e  Bay B r i d g e - T u n n e 1 d u r i n g  both above 
and b e l o w  mea n  w a ter c o n d i t i o n s  (Figure 16).
T u r b i d i t y  p a t t e r n s  were d i f f e r e n t  for each of the 
w e s t e r n  C h e s a p e a k e  Bay t r i b u t a r i e s .  T u r b i d i t y  off Smith 
Point at the Potomac River m o u t h  was h i g h e r  than Bay water. 
This t u r b i d i t y  s u g g e s t e d  a r e l a t i o n  to w a t e r  levels b e l o w  
m e a n  w a t e r  at the P o t o m a c  River (Figure 17) and to a lesser 
extent, to high f r e s h w a t e r  d i s c h a r g e  in the P o t o m a c  River as 
r e c o r d e d  at W a s h i n g t o n ,  D.C. (Figure 18). The o r i e n t a t i o n  
of t u r b i d  w a ter b e y o n d  the P o t o m a c  River s u g g e s t e d  an 
i n f l u e n c e  by wind d i r e c t i o n .
At their mouths, the R a p p a h a n n o c k  and Y o r k  R i v e r s  wer e  
less turbid than the a d j a c e n t  Bay. For the R a p p a h a n n o c k  
River, the clearer river water was p i n c h e d  off a few
k i l o m e t r e s  beyond the m o u t h  by m o r e  turbid w a t e r  from around 
W i n d m i l l  and S t i n g r a y  Poin t s  (F i g u r e  19). C l e a r e r  w a ter in 
the Y o r k  R i ver m o u t h  was not always p i n c h e d  off, but, at 
times, w as t r a c e a b l e  as a c o n t i n u o u s  band to the C h e s a p e a k e  
Bay B r i d g e - T u n n e 1 ( F i g u r e  20). The band was o v e r l y i n g  the 
Y o r k  River c h a nnel and d i v i d e d  the m o r e  t u rbid Wolf Trap
S h o a l s  and P o q u o s o n  Flats w a t ers. A t u r b i d i t y  b o u n d a r y  in
the lower James River e x t e n d e d  from C r a n e y  Island t h r ough 
the m o u t h  and along T h i m b l e  Shoals Channel, out to the Bay 
m o u t h  (Figure 18). W a t e r  east and south of this b o u n d a r y  
was m o r e  turbid. This turbid w a t e r  was f a r t h e r  e a s t w a r d  
w h e n  w i n d s  ble w  fro m  the west and north. T h ere was no
a p p a r e n t  tidal i n f l uence, except p o s s i b l y  for some turbid
Figure 16. Landsat Image Negative, 27 Jun 1980, 1:48.
Note the lower (light) turbidity on the leeward side of the Chesapeake Bay Bridge-Tunnel
during westerly winds.

Figure 17. Landsat Image Negative, 9 Mar 1977, —1:56. 
Note the turbid (dark) water off the Potomac River mouth at Smith Point.

Figure 18. Landsat Image Negative, 17 Mar 1979, —1:26.
Note the turbid (dark) Potomac River water entering Chesapeake Bay and high turbidity
in Hampton Roads.

Figure 19. Landsat Image Negative, 3 Jul 1979, —5:35.
A t the Rappahannock River mouth, less turbid (lighter) river water is truncated by turbid 
Windmill Point and Stingray Point shoal water. Note turbid plumes off the Chesapeake Bay 
Bridge-Tunnel islands during maximum ebb currents.
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Figure 20. Landsat Image Negative, 27 Dec 1976, —4:11.
Note the band of low turbidity (light) water extending from the York River mouth to 
beyond the Chesapeake Bay Bridge-Tunnel. Note the turbid (dark) water at Wolf Trap 
Shoals and into the eastern portion of Mobjack Bay.
IW077-00 W076-30I
DEC76 C N37-3^/U075-58 N N37-3*/U075-53 MSS
W076-00I W075-30I
- SUN 3 Z - ^ e  -  H8Z3 \  \  - 3 .  MHbM ERT£ L <_
74
gyres off W i l l o u g h b y  Spit, w h i c h  wer e  present near m e a n  
w a t e r  (Figure 21).
V I S U AL A N A L Y S I S  OF E N H A N C E D  IM A G E R Y
The 35 mm  color slides of the de n s i t y  a n a l y z e r  
t e l e v i s i o n  mo n i t o r ,  and the d e n s i t y  c o n t o u r  o v e r l a y s  drawn 
w h i l e  the images w ere on the d e n s i t y  a n a l y z e r  light table, 
were v i s u a l l y  examined.
In general, the area off the R a p p a h a n n o c k  River was the 
d i v i d i n g  area of d e n s i t y  c o n t o u r  o r i e n t a t i o n .  N o rth of the 
R a p p a h a n n o c k  River, the d e n s i t y  c o n t o u r s  were p e r p e n d i c u l a r  
to the Bay axis. These contours, w h e n  closer to Pocoraoke 
Sound, curved s o u t h w a r d  to n e a r l y  pa r a l l e l  the Bay axis 
( F igure 22). In contrast, m ost images south of the 
R a p p a h a n n o c k  River had d e n s i t y  c o n t o u r s  p a r allel to the Bay 
axis from the R a p p a h a n n o c k  River to the Bay mouth. B e t w e e n  
the R a p p a h a n n o c k  River and Bay mouth, there w ere low 
density, bright areas found in the w e s t e r n  Bay half 
i n d i c a t i v e  of turbid water. T h e s e  areas o r i g i n a t e d  at the 
s h o r e l i n e  just north or south of the R a p p a h a n n o c k  River  
m o u t h  and e x t e n d e d  s o u t h w a r d  just west of m i d - B a y  toward the 
Bay mouth. The area fro m  P o q u o s o n  Flats to Th i m b l e  Shoals 
and the Bay m o u t h  was one of equal density.
The above f e a t u r e s  w e r e  seen in many images and were  
i n d e p e n d e n t  of tidal and m e t e o r o l o g i c a l  c o n d i t i o n s .  An 
e x c e p t i o n  might have been caused by strong wind. D u r i n g
Figure 21. Landsat Image Negative, 11 Jun 1978, —2:46.
Note the turbid gyre off the James River mouth and lower (lighter) turbidity on the leeward 
side of the Chesapeake Bay Bridge-Tunnel during southeasterly winds.
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Figure 22 Landsat Image, 10 Oct 1972, —0:16, Enhanced for Film Density Coutours. 
Note the contours are parallel and normal to the Bay axis south and north of the Rappahannock 
River respectively. Note the turbid water in the eastern portion of Mobjack Bay.
High to low turbidity: blue, purple, red, green, black, amber, violet, yellow.
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strong n o r t h e r l y  winds, d e n s i t y  c o n t o u r s  wer e  p a r a l l e l  to 
the s o u t h e r n  C h e s a p e a k e  Bay axis, even north of the 
R a p p a h a n n o c k  R i ver (Figure 23). Eq u a l l y  turbid w a t e r  
t h r o u g h o u t  s o u t h e r n  C h e s a p e a k e  Bay was r e o r i e n t e d  into a 
d o w n w i n d  dire c t i o n .
V i s u a l  a n a l y s i s  of n o n - e n h a n c e d  imagery r e v e a l e d  
c o n t i n u o u s  b o u n d a r i e s  only in s h a l l o w  waters, and at the Bay 
and t r i b u t a r y  mo u t h s .  T u r b i d i t y  b o u n d a r i e s  in d e eper w a t e r  
w e r e  i n c o m p l e t e  and could not be traced over long dist a n c e s .  
D o w n w i n d  o r i e n t a t i o n  of t u r b i d i t y  p a t t e r n s  was n o ted only in 
small areas close to shore. In contrast, the e n h a n c e d  
imagery had the a d v a n t a g e  of p r o v i d i n g  a v i e w  of c o n t i n u o u s  
faint b o u n d a r i e s  b e t w e e n  low t u r b i d i t y  w a t e r s  fa r t h e r
o f f s h o r e .  Be s i d e s  h i g h l i g h t i n g  the v i s i b l y - d e t e c t e d  high 
t u r b i d i t y  areas, e n h a n c e m e n t  showed the e x t e n s i o n  of less 
turbid w a t e r  away from the turbid areas. E n h a n c e m e n t
p e r m i t t e d  d i v i s i o n  of the e n t i r e  s o u t h e r n  C h e s a p e a k e  Bay
into a r eas of equal d e n s i t y  (tur b i d i t y )  and showed Bay w a t e r  
o r i e n t a t i o n s  that could not be v i s i b l y  detected.
F R E S H W A T E R  D I S C H A R G E
M u l t i p l e  r e g r e s s i o n  a n a l y s i s  was used to d e t e r m i n e  
w h e t h e r  the l o c ation of the James River t u r b i d i t y  m a x i m u m
was a f f e c t e d  by f r e s h w a t e r  d i s c h a r g e  and wind. The r e s ults  
were o b t a i n e d  to test w h e t h e r  turbid plumes off the James  
R i ver m o u t h  were c o r r e l a t e d  with high f r e s h w a t e r  d i s c h a r g e s .
Figure 23. Landsat Image, 7 Feb 1976, —3:25, Enhanced for Film Density Contours. 
Contours north of the Rappahannock River are parallel to  the Bay axis during 14 knot 
northerly winds. High to low turbidity: green, black, red.
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If the plumes wer e  related to f r e s h w a t e r  dishcarge, it was 
n e c e s s a r y  to find a lag time to d e t e r m i n e  how long it took 
for the f r e s h w a t e r  volume, r e c o r d e d  at Richmond, Virginia, 
to t r a verse the d i s t a n c e  to the river mouth. The t u r b i d i t y  
m a x i m u m  loc a t i o n  b e t w e e n  these two p o ints could show the 
f r e s h w a t e r  d i s c h a r g e  effects.
Figure 24 shows the r e g r e s s i o n  c o e f f i c i e n t  v a lues for 
daily d i s c h a r g e  v o l u m e s  at R i c h m o n d  p r e c e d i n g  the 
o v e r p a s s e s .  All daily v a l u e s  were low, with 75 to 77 data 
points used in the r e g r e s s i o n  ana l y s i s .  The highest 
c o e f f i c i e n t  v a l u e s  w ere o b t a i n e d  for 12, 16, and 17 day lags
b e t w e e n  above a v e r a g e  d i s c h a r g e  at R i c h m o n d  and the l o c ation 
of the t u r b i d i t y  m a x i m u m .  These h i g h e r  valu e s  suggest that
above a v e r a g e  d i s c h a r g e  at R i c h m o n d  may take 12, 16, or 17 
days to reach the t u r b i d i t y  m a x i m u m  and shift it less than 
20 km d o w n s t r e a m  in the Hog Point vic i n i t y .
The small extent of L a n dsat c o v e r a g e  of the lower
P o t o m a c  River and low f r e q u e n c y  of turbid w a ter exiting the 
P o t o m a c  did not j u s tify r e g r e s s i o n  ana l y s i s .  A r e view of 
f r e s h w a t e r  flow at W a s h i n g t o n ,  D.C. rev e a l e d  that turbid 
P o t o m a c  R i ver w a ter beyond its m o u t h  in about 12 images may 
be due to e x t r e m e l y  high d i s c h a r g e s  c l u s t e r e d  around 10 and 
20 days b e f o r e  an overpass.
The t u r b i d i t y  m a x i m u m - f r e s h w a t e r  d i s c h a r g e  a n a l y s i s  was 
r u d i m e n t a r y .  The lag time for a parcel of f r e s h w a t e r  is
d e p e n d e n t  on its v o l ume. The v o l u m e  will d e t e r m i n e  how the
f r e s h w a t e r  will t r a v e r s e  the e s t u a r i n e  reach to the
CORRELATION COEFFICIENT VALUES FOR JAMES RIVER
TURBIDITY MAXIMUM VS DISCHARGE
Day n 12 Hour Wind Avg. n 5 Day Wind Avg.
? 77 0.157 77 0.180
8 75 0.142 76 0.110
9 76 0.064 77 0.142
10 76 0.139 76 0.141
11 76 0.142 76 0.141
12 76 0.332 76 0.269
13 76 0.150 76 0.148
14 76 0.147 76 0.162
15 76 0.159 76 0.170
16 76 0.189 76 0.195
17 76 0.232 76 0.232
DATES OF HIGH POTOMAC RIVER TURBIDITY
Day Preceeding Percent Above
3 Week Average Overpass With Average of
Flow at Maximum Fresh­ Maximum Daily
Date Wash. DC (cfs) water Flow Flow
13 Feb 73 30,200 9 123
26 Feb 74 10,270 9 13
3 Apr 74 14, 780 4 165
9 Jun 75 14,300 7 76
7 Feb 76 17,160 10 112
1 Apr 76 13,300 16 38
28 Apr 76 9,100 20 85
27 Dec 76 12,550 17 120
9 Mar 77 12,910 9 55
7 Jun 77 3,010 20 27
29 Sep 77 980 18 19
4 Mar 78 8,010 20 24
9 Apr 78 46,000 12 157
17 Mar 79 71,000 19 166
1 May 79 14,700 20 59
3 Jul 79 8,250 19 32
3 -
2 -
1-
1 , 1 It. 1 ■ , , M  4-1 J
4 6 8  10 12 14 16 18 20
Distribution of Washington D.C. high flow lag time in days.
Figure 24. Freshwater Discharge Effects on Surface Turbidity.
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t u r b i d i t y  m a x i m u m  location. The f r e s h w a t e r ,  upon en t e r i n g  
the estuary, will b e c o m e  m i x e d  wit h  the e s t u a r i n e  water. 
Wind m i x i n g  and v a r y i n g  c o n d i t i o n s  in the 28 day tidal cycle 
also affect the d e g r e e  of m i x i n g  w i t h i n  the estuary. Mixing 
di l u t e s  the f r e s h w a t e r - b o r n e  s u s p e n d e d  sediment
c o n c e n t r a t i o n  w h i l e  m i n i m a l  m i x i n g  w o u l d  m a k e  the s u s pended 
se d iment e a sier to detect as a m o r e  d i s t i n c t  tur b i d i t y  
front. It was b e y o n d  the scope of this study to further 
i n v e s t i g a t e  e s t u a r i n e  flow d y n a m i c s  in the tribu t a r i e s .  
Ho w e v e r ,  the low James River c o e f f i c i e n t  v a l u e s  are still 
s i g n i f i c a n t  in c o n c l u d i n g  that f r e s h w a t e r  d i s c h a r g e s  as high 
as r e c o r d e d  on the James River do not d i r e c t l y  int r o d u c e  
s u s p e n d e d  sediment into C h e s a p e a k e  Bay.
H Y D R AU L I C  M O D E L  S T UDY
C o n f e t t i  studies for s o u t h e r n  C h e s a p e a k e  Bay were done 
by t r a c k i n g  s u r face w a t e r  m o v e m e n t  over s u c c e s s i v e  tidal 
cycles. Figure 11 shows the d i f f e r e n t  pat h w a y s .  For all 
areas studied in the model, both c y c l o n i c  and a n t i - c y c 1 onic 
p a t t e r n s  were ev i d e n t  at slack w a t e r  w h e n  water m o v e m e n t  
c h a n g e d  d i r e c t i o n  w i t h  tide reversal. A c c o r d i n g  to the 
mode l ,  all areas e x h i b i t e d  net d o w n - B a y  m o v e m e n t  with a
g r o s s l y  e l o n g a t e d  oval pattern. Over s u c c e s s i v e  tidal
cycles c o n f e t t i  t e n d e d  to m ove c l oser to shore. The
c i r c u l a r  d e f l e c t i o n  seen at the tidal change w o u l d  also
d r ive c o n f e t t i  into small creeks and rivers w h i c h  could be a
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su r face t e n s i o n  effect in the model. The ci r c u l a r  m o t i o n  of 
c o n f e t t i  a l ong the w e s t e r n  and e a s t e r n  shores was c l o c k w i s e  
and c o u n t e r c l o c k w i s e  r e s p e c t i v e l y .  The a p p l i c a b i l i t y  of 
this c i r c u l a r  w a ter m o v e m e n t  to real Bay b e h a v i o r  as seen in 
the L a n d s a t  images is q u e s t i o n a b l e .  The C o r i o l i s  force, 
caus e d  by the e a rth's rotation, can not be d u p l i c a t e d  in the 
h y d r a u l i c  m o del ( H a r l e m a n  1971).
C o n f e t t i  o b s e r v a t i o n s  for the James River s t a r t i n g  at 
R i c h m o n d  showed steady d o w n s t r e a m  m o v e m e n t  until the area of 
the t u r b i d i t y  m a x i m u m .  There, c o n f e t t i  r e m a i n e d  trapped 
over m a n y  tidal cycles with only the slow escape of a few 
c o n f e t t i  p a r t i c l e s  d u r i n g  each ebb tidal phase.
O P T I C A L  D EN S I T Y  A N A L Y S I S
The n o r m a l i z e d  and r e s idual n o r m a l i z e d  o p t ical d e n s i t y  
data for the Bay c h a nnel and c r o s s - B a y  t r a n s e c t s  were 
i n v e r s e l y  p l o t t e d  to r e f lect o v erall t u r b i d i t y  levels in 
C h e s a p e a k e  Bay. Re s u l t s  w ere o b t a i n e d  m a i n l y  from a n a l y s i s  
of the r e s i d u a l  data. For a mor e  m e a n i n g f u l  u n d e r s t a n d i n g  
of the results, the o p t i c a l  d e n s i t y  p r o f i l e s  h e r e a f t e r  will 
be r e f e r r e d  to as t u r b i d i t y  p r o f i l e s  or levels.
CRUISE, DAT A  C O M P A R I S O N
Seven Bay c h a n n e l  t r a n s e c t s  w e r e  from o v e r p a s s e s  w h i c h  
o c c u r r e d  d u r i n g  a s u s p e n d e d  sediment study by H a r r i s  jet. a 1.
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(1980). C r u i s e  data from the H a r r i s  et a 1 . ( 1980 ) study
were used to make t u r b i d i t y  p r o f i l e s  for the entire  
C h e s a p e a k e  Bay length. A c o m p a r i s o n  of the optical de n s i t y  
p r o f i l e s  and s u s p ended sediment c o n c e n t r a t i o n  p r o f i l e s
s u g gests similar overall t u r b i d i t y  trends (Figure 25). The 
La n dsat data, however, show m o r e  v a r i a t i o n s  in local
t u r b i d i t y  levels than d e p i c t e d  in the cruise data.
B A T H Y M ETRIC AND SEDIMENT. CO RR EL AT I ON.. A N A L Y S I S
The a v e r a g e d  o p t ical d e n s i t y  p r o f i l e s  were c o m p a r e d  to 
trans e c t  b a t h y m e t r y .  R e s u l t s  of r e g r e s s i o n  a n a l y s i s  (Figure 
26) showed high c o r r e l a t i o n s ,  r= 0,922 and r=0.937, for Wolf 
Trap Shoa l s  and Cape C h a r l e s  t r a nsect w a t e r  depths less than 
35 ft. The T a n g i e r  Island t r a nsect had lower r e g r e s s i o n  
c o e f f i c i e n t  values. The h i g h e s t  v a l u e  of r (0.924) was 
o b t a i n e d  for d e pths less than 20 ft. The Bay channel 
tr a n sect, w i t h  o n e - t h i r d  of the s t a tion depths greater than 
50 ft, had the lowest r e g r e s s i o n  c o e f f i c i e n t  value. A high 
va l u e  of r (0.726) was o b t a i n e d  for depths less than 40 ft.
B o t t o m  s e d iment p e r c e n t a g e s  wer e  compared to the 
a v e r a g e d  o p tical d e n s i t y  p r o f iles. For all transects, the
clay f r a c t i o n  had the lowest r e g r e s s i o n  c o e f f i c i e n t  values. 
T h o u g h  low, the silt f r a c t i o n  of the sediment classes had 
the h i g h e s t  r e g r e s s i o n  c o e f f i c i e n t  v a l u e s  of 0.125 and 0.284 
for the T a n g i e r  Island and Wolf Trap Shoals transects. The 
Cape C h a r l e s  and Bay channel t r a n s e c t s  had the h i g hest
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r e g r e s s i o n  c o e f f i c i e n t  v a l u e s  of 0.525 and 0.520 for the 
sand fraction. For clay, silt, and sand, the Cape C h a r l e s  
t r a n s e c t  had the h i g hest r e g r e s s i o n  c o e f f i c i e n t  v a l u e s  of 
0.512, 0.516, and 0.525 r e s p e c t i v e l y .
S E A SONS
Fall ( S e p t ember, Oc t o b e r ,  N o v e mber) and w i n t e r  
(De c e m b e r ,  January, February) t u r b i d i t y  i n c r eased toward the 
south (Figure 27) w h i l e  spring (March, April, May) and 
s u mmer (June, July, August) t u r b i d i t y  d e c r e a s e d  toward the 
south.
A l o n g  the T a n g i e r  Island tr a n s e c t  (Figure 28) summer 
t u r b i d i t y  was high over the Bay c h a nnel w h i l e  fall t u r b i d i t y  
was h i g h  near T a n g i e r  Island. The Wolf Trap Shoals and Cape 
C h a r l e s  t r a n s e c t s  ( F i gures 29, 30) both had t u r b i d i t y  levels 
r i s i n g  fro m  a spring low to a summer high.
In general, w i n t e r  t u r b i d i t y  (Figure 31) was above 
a v e r a g e  south of T a n g i e r  Island w h i l e  spring t u r b i d i t y  
( F i g u r e  32) was b e l o w  a v e r a g e  in lower C h e s a p e a k e  Bay. 
Su m m e r  and fall t u r b i d i t y  (Figu r e s  33,34) was above a v e r a g e  
n o r t h  of Wolf Trap Shoals and south of the P o tomac River 
r e s p e c t i v e l y .
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Figure 27. Seasonal Bay Channel Turbidity Profiles.
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Figure 29. Seasonal Wolf Trap Shoals Turbidity Profiles.
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Figure 30. Seasonal Cape Charles Turbidity Profiles.
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Figure 31. Winter Turbidity Map.
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Figure 32. Spring Turbidity Map.
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Figure 34. Fall Turbidity Map.
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WINDS
C l a s s i f i c a t i o n  of the o p t i c a l  d e n s i t y  data by wind 
q u a d r a n t s  showed north w i n d - a s s o c i a t e d  t u r b i d i t y  to be above 
a v e r a g e  over n e a r s h o r e  sh a l l o w  w a t e r  and at the Bay m o u t h  
(F i gure 35). The north wind p r o f i l e  n e v e r  had the h i g h e s t  
t u r b i d i t y  for all w i n d  q u a d r a n t s  ( F i g u r e  36). For west 
winds, above a v e r a g e  t u r b i d i t y  was l o cated off the Po t o m a c  
River and south of Cape Charles. D u r i n g  sou t h e r l y  winds, 
sl i g h t l y  above a v e r a g e  t u r b i d i t y  was located b e t w e e n  Smith 
Point and the R a p p a h a n n o c k  River and at Wolf Trap Shoals. 
South of the town of Cape Charles, t u r b i d i t y  during
s o u t h e r l y  w i n d s  was the lowest for all wind dire c t i o n s .
T u r b i d i t y  levels a l o n g  the Wolf Trap Shoals transect 
( Figu r e  37) wer e  the lowest d u r i n g  south winds and h i g hest 
d u r i n g  n o r t h  winds. A b ove a v e r a g e  t u r b i d i t y  o c c u r r e d  only 
d u r i n g  n o r t h  winds. T u r b i d i t y  levels w e r e  the same for each 
w in d  q u a d r a n t  only over the m a i n  channel, w h i l e  the levels 
w ere v a r i a b l e  over s h a l l o w e r  water.
West w i n d - a s s o c i a t e d  t u r b i d i t y  was above a v e r a g e  at the 
Bay m o u t h  and off the P o t o m a c  River ( F i gure 36). W hen wind 
speeds were di v i d e d  at 10 knots, the gr e a t e r  than 10 knot 
speeds wer e  a s s o c i a t e d  wit h  the a b ove a v e r a g e  t u r b i d i t y  off 
the P o t o m a c  River (Figure 38) and at the Bay m o u t h  (Figure 
39). A l o n g  the Wolf Trap Shoals tr a n s e c t  turbidity, at 
best, was a v e r a g e  for all w e s t - w i n d  speeds (Figure 40). For
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Figure 35. Turbidity Map for North Winds.
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Figure 36. Bay Channel Turbidity Profiles for South, West, and North Winds.
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Figure 37. Wolf Trap Shoals Turbidity Profiles for South, West, and North Winds.
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Figure 39. Cape Charles Turbidity Profiles for West Wind Speed Comparison.
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Figure 40. Wolf Trap Shoals Turbidity Profiles for West Wind Speed Comparison.
102
west winds with speeds g r e a t e r  than 10 knots, above a v e rage 
t u r b i d i t y  was located south of N ew Point Co m f o r t  w h e r e  it 
i n c r e a s e d  to the south (Figure 41) and in the Smith 
P o i n t - P o c o m o k e  Sound area (Figure 42). H i g h  north winds 
were a s s o c i a t e d  w i t h  above a v e r a g e  t u r b i d i t y  off Cape 
C h a r l e s  (Figure 41). A b o v e  av e r a g e  t u r b i d i t y  a s s o c i a t e d  
w i t h  g r e ater than 10 knot west w i n d s  r e m a i n e d  close to Smith 
Point and on the w i n d w a r d  side of the T a n g i e r  Island 
sh a l l o w s  (Figure 43). High north w i nds w e r e  a s s o c i a t e d  wit h  
above av e r a g e  t u r b i d i t y  over the T a n g i e r  Island shallows and 
off P o c o m o k e  Sound. For g r e a t e r  than 10 knot w ind speeds, 
the Wolf Trap Shoals transect had a b ove a v e r a g e  t u r b i d i t y  
only for north w i n d s  w i t h  the m a i n  c h a nnel h a v i n g  below 
a v e r a g e  levels ( F i gure 44). At the Cape C h a r l e s  transect 
( F i gure 45), above a v e r a g e  t u r b i d i t y  o c c u r r e d  during high 
west w i n d s  and over s h a l l o w  w a ter d u r i n g  high n o rth winds.
T I D A L  C Y CLE
The optical d e n s i t y  data for the Bay channel transect 
w e r e  d i v i d e d  into four t h r e e - h o u r  a v e r a g e  tidal subsets 
based on c o n d i t i o n s  at Sewells Point (Figure 46). Any 
m e n t i o n  of tidal phases along the Bay channel transect 
r e f e r s  to local c o n d i t i o n s  a c c o r d i n g  to the H i cks (1964) 
co t i d a l  chart (Figure 9A) . Stable t u r b i d i t y  levels through 
the tidal cycle were located north of the P o t omac River 
( s t a t i o n s  0-20) and a d j a c e n t  to the Bay m o u t h  ( s t ations
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Figure 42. Turbidity Map for West Wind Speed Comparison.
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Figure 43. Tangier Island Turbidity Profiles for Winds Greater than 10 Knots.
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Figure 44. Wolf Trap Shoals Turbidity Profiles for Winds Greater Than 10 Knots.
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Figure 45. Cape Charles Turbidity Profiles for Winds Greather Than 10 Knots.
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1 0 5 - 120). I m m e d i a t e l y  off the s o u t h e r n  C h e s a p e a k e  Bay 
shore, t u r b i d i t y  levels were above a v e r a g e  near low water.
B e t w e e n  the town of Cape C h a r l e s  and the Bay m o u t h  
(s t a t i o n s  90-105), t u r b i d i t y  was h i g h e s t  d u r i n g  early 
f a l l i n g  w a t e r  (0:00 to +3:00) and d r o p p e d  sharply d u r i n g  
late f a l l i n g  w a t e r  (+3:00 to +6:00). The lowest t u r b i d i t y  
level o c c u r r e d  d u r i n g  early risi n g  w a t e r  (-6:00 to -3:00) 
but b e c a m e  h i g h e r  t o ward high w a t e r  (-3:00 to 0:00).
B e t w e e n  Cape Ch a r l e s  and the R a p p a h a n n o c k  River 
( s t a t i o n s  45-90), t u r b i d i t y  was h i g h e s t  d u r i n g  early f a l l i n g  
wa t e r  and r e m a i n e d  stable th r o u g h  late f a l l i n g  water. 
T u r b i d i t y  levels became lower toward late r i s i n g  water.
Off the P o t o m a c  River m o uth ( s t a t i o n s  20-25), t u r b i d i t y  
was h i g h e s t  d u r i n g  r i s i n g  water and lowest d u r i n g  early 
f a l l i n g  w a t e r  (early f a l l i n g  and late f a l l i n g  w a t e r s  
r e s p e c t i v e l y  in Figure 46). B e t w e e n  Smith Point and the 
R a p p a h a n n o c k  River ( s t a t i o n s  25-45), hig h  t u r b i d i t y  o c c u r r e d  
d u r i n g  late r i s i n g  w a t e r  and low t u r b i d i t y  o c c u r r e d  d u r i n g  
late f a l l i n g  water.
A l o n g  the T a n g i e r  Island t r a nsect (Figure 47), above  
a v e r a g e  t u r b i d i t y  o c c u r r e d  d u ring local late r i sing (-3:00 
to 0:00) and late f a l l i n g  water (3:00 to 6:00) c o n d i t i o n s  
p r e c e e d i n g  high and low water. The Bay proper west of 
T a n g i e r  Island had above av e r a g e  t u r b i d i t y  only d u r i n g  late 
r i s i n g  w a t e r  c o n d i t i o n s  with a late f a l l i n g  w a t e r  e x c e p t i o n  
a d j a c e n t  to Smith Point.
The Wolf Trap Shoals transect (Figure 48) had the
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Figure 47. Tangier Island Turbidity Profiles for 3 Hour Tidal Phases.
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Figure 48. Wolf Trap Shoals Turbidity Profiles for 3 Hour Tidal Phases.
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hi g hest above a v e r a g e  t u r b i d i t y  for the tidal cycle d u ring 
early f a l l i n g  w a t e r  (0:00 to 3:00) c o n d i t i o n s  wit h  lower 
t u r b i d i t y  over d e e p e r  water. After early fa l l i n g  water,
there was a rough trend of d e c r e a s i n g  t u r b i d i t y  levels 
t h r o u g h  the tidal cycle until the lowest levels duri n g  late 
r i s i n g  w a t e r  w e r e  reached.
The Cape C h a r l e s  transect (Figure 49) had above a v e r a g e  
deep w a t e r  t u r b i d i t y  and t u r b i d i t y  off the east and west 
shores d u r i n g  late r i s i n g  and late f a l l i n g  w a t e r  
r e s p e c t i v e l y .  Early f a l l i n g  w a t e r  t u r b idity, thou g h  b e low 
average, i n c r e a s e d  e a s t w a r d  w h i l e  t u r b i d i t y  in c r e a s e d  
w e s t w a r d  to above a v e r a g e  levels d u r i n g  early r i s i n g  water.
D u r i n g  late r i s i n g  w a t e r  (Figure 50), above a v e r a g e  
t u r b i d i t y  was located at the Bay m o u t h  and e a s t e r n  shore and
off the Po t o m a c  River w h ere local early r i sing water
c o n d i t i o n s  occurred. A b ove a v e r a g e  t u r b i d i t y  for early 
f a l l i n g  w a ter (Figure 51) was located fro m  the P o tomac River 
south to the n o r t h e r n  half of the Bay mouth. Only the
w e s t e r n  half of lower C h e s a p e a k e  Bay had above a v erage 
t u r b i d i t y  d u ring late f a l l i n g  w a t e r  (Figure 52).
The o p t i c a l  d e n s i t y  data were d i v i d e d  into 1.5 hour 
subsets. A l o n g  the T a n g i e r  Island profile, the b e g i n n i n g  
and end of above m e a n  w a t e r  (Figure 53) were a s s o c i a t e d  wit h  
t u r b i d i t y  i n c r e a s i n g  and d e c r e a s i n g  r e s p e c t i v e l y  eastward. 
The h i g h e s t  t u r b i d i t y  for the tidal cycle o c c u r r e d  d u r i n g  
late r i sing w a t e r  (-1:30 to 0:00). For b e l o w  m e a n  w a ter 
(Figure 54), above a v e r a g e  t u r b i d i t y  o c c u r r e d  d u r i n g  late
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Figure 49. Cape Charles Turbidity Profiles for 3 Hour Tidal Phases.
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Figure 50. Turbidity Map for Late Rising Water (-3:00 to 0:00).
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Figure 51. Turbidity Map for Early Falling Water (0:00 to 3:00).
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Figure 52. Turbidity Map for Late Falling Water (3:00 to 6:00).
OP
TI
CA
L 
DE
NS
IT
Y
0.
30
 
0.
20
 
0.
10
 
-
0.
00
 
-
0.
10
 
-
0.
20
 
-
0.
30
 
-
0.
40
o Mid-Rising Water (-3:00 to -1:30) 
*  Late Rising Water (-1 :30 to 0:00) 
A High Water (0:00 to 1 :30)
Y Early Falling Water (1 :30 to 3:00)
AVG
PC
15.00
KILOMETERS
n = 6 
n = 5 
n = 6 
n = 6
Figure 53. Tangier Island Turbidity Profiles for Above Mean Water 1.5 Hour
Tidal Phases.
OP
TI
CA
L 
DE
NS
IT
Y
0.
30
 
0.
20
 
0.
10
 
-0
.0
0 
-0
.1
0 
-0
.2
0 
-0
.3
0 
-0
.4
0
d  Mid-Falling Water (3:00 to 4:30)
X Late Falling Water (4:30 to 6:00)
6 Low Water (-6:00 to -4:30)
Y Early Rising Water (-4:30 to -3:00)
AVG
PC
30.00
KILOMETERS
Figure 54. Tangier Island Turbidity Profiles for Below Mean Water 1.5 Hour
Tidal Phases.
119
f a l l i n g  w a t e r  (4:30 to 6:00) and was h i g h e r  over s h a l l o w e r  
wa t er .
The Wolf Trap Shoals t u r b i d i t y  level changes did not 
have any strong trends over the tidal cycle. The h i g hest 
t u r b i d i t y  for the tidal cycle was d u r i n g  early f a l l i n g  w a t e r 
(1 :30 to 3:00) ( F i gure 35) w h i l e  hig h  w a t e r  t u r b i d i t y  was 
h i g h e r  toward the east. For b e l o w  m e a n  w a ter (Figure 56), 
t u r b i d i t y  was above a v e r a g e  over deep water, but was h i g h e r 
over the west and east shores d u r i n g  m i d - f a l l i n g  (3:00 to 
4:30) and early r i s i n g  w a t e r  (-6:00 to -4:30) phases 
r e s p e c t i v e l y .
The 1.5 hour tidal subsets for the Cape Charles 
trans e c t  show that for above m e a n  w a t e r  c o n d i t i o n s  (Figure 
57), above a v e r a g e  t u r b i d i t y  o c c u r r e d  d u r i n g  late rising  
(-1:30 to 0:00) and early f a l l i n g  (0:00 to 1:30) water. 
Late r i s i n g  w a t e r  had the highest t u r b i d i t y  for the entire 
tidal cycle with the hi g h e s t  levels off P o q u o s o n  Flats. For 
b e l o w  m e a n  w a ter c o n d i t i o n s  (Figure 58), t u r b i d i t y  was 
g e n e r a l l y  above a v e r a g e  except off the e a s t e r n  shore and 
showed a rough increase to the west.
A c o m b i n a t i o n  of the high w a t e r  (0:00 to 1:30) optical  
d e n s i t y  data show above a v e rage t u r b i d i t y  in the eastern  
half of lower C h e s a p e a k e  Bay (Figure 59). The sub s e q u e n t  
early f a l l i n g  w a t e r  (1:30 to 3:00) tidal phase (Figure 60) 
shows a change in t u r b i d i t y  levels. A b o v e  av e r a g e  t u r b i d i t y  
was limited to the area be t w e e n  Smith Point and the town of 
Cape Char 1e s .
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Figure 57. Cape Charles Turbidity Profiles for Above Mean Water 1.5 Hour
Tidal Phases.
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Figure 58. Cape Charles Turbidity Profiles for Below Mean Water 1.5 Hour
Tidal Phases.
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Figure 59. Turbidity Map for High Water (0:00 to 1 :30).
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Figure 60. Turbidity Map for Early Falling Water (1 :30 to 3:00).
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T I DAL C Y CLE W I T H  5 KNOT WIND FILTERS
The t h r e e - h o u r  tidal subsets were f u r ther d i v ided and 
a v e r a g e d  into p r o f i l e s  with w i nds less than 5 knots (in 
effect, no s i g n i f i c a n t  wind) and greater than 5 knots over a
1 2 - h o u r  period. W hen there wer e  no w i n d s  (Figure 61),
f a l l i n g  w a t e r  had the h i g h e s t  above a v e r a g e  t u r b i d i t y  levels
b e t w e e n  Cape C h a rles and the P o t o m a c  River c o m p a r e d  to
r i s i n g  w a t e r  c o n d i t i o n s .  C o m p a r i s o n  of no - w i n d  and w i ndy 
c o n d i t i o n s  d u r i n g  late r i s i n g  w a t e r  (Figure 62) showed w i n d y  
c o n d i t i o n s  to be a s s o c i a t e d  w i t h  higher t u r b i d i t y  levels
w h i c h  w ere above a v e r a g e  only at the Bay mouth. H i gher
above a v e r a g e  t u r b i d i t y  o c c u r r e d  w ith n o - w i n d  under f a l l i n g  
w a t e r  c o n d i t i o n s  ( F i gures 63, 64). E x c e p t i o n s  were high
t u r b i d i t y  levels for w i n d s  a d j a c e n t  to the Bay mouth, w h ere 
the n o - w i n d  pr o f i l e s  d e c r e a s e d ,  and at W o 1f Trap Shoals
d u r i n g  late f a l l i n g  w a t e r  c o n d i t i o n s .  D u r i n g  early f a l l i n g
w a ter, a b o v e  a v e r a g e  t u r b i d i t y  was b e t w e e n  the P o t omac River
and the town of Cape C h a r l e s  for no - w i n d  c o n d i t i o n s ,  yet was
l i m ited to the Wolf Trap s h a llows w h e n  w i n d s  blew (Figure 
65). For early risi n g  w a t e r  c o n d i t i o n s  (Figure 66 ) , no-w ind 
t u r b i d i t y  was above a v e r a g e  b e t w e e n  Wolf Trap Shoals and 
Cape Charles, and off the P o t o m a c  River. A d j a c e n t  to the 
Bay m o u t h ,  t u r b i d i t y  levels d u r i n g  both wind c o n d i t i o n s
i n c r e a s e d  southward.
The 1.5 hour tidal subsets were also divided into wind
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Figure 61. Bay Channel 3 Hour Tidal Phase Turbidity Profiles for Winds
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OP
TI
CA
L 
DE
NS
IT
Y
13
.30
 
0.
20
 
0.
10
 
-
0.
00
 
-
0.
10
 
-
0.
20
 
-
0.
30
S
i
 
I 
i 
i 
i 
I 
1-
--
--
<541
A Winds < 5 Knots n = 4
X Winds > 5 Knots n = 1
N
r
PR RR 
J L
WTS
_L_
NPC TCC
 L— I--
CC
15,1 30,00 45,00 60,00
KILOMETERS
75.00 90.00 105.00 120,00
Figure 62. Bay Channel Turbidity Profiles for Late Rising Water (-3:00 to 0:00) Wind
Speed Comparison.
OP
Tr
Cf
ll
 
DE
NS
IT
Y
3.
30
 
0.
20
 
0.
10
 
-0
.0
0 
-0
.1
0 
-0
.2
0 
-0
„3
0 
-0
.4
0
 
1 
—
—_
__
__
_1 
1 
I 
I 
L_
 
I
A Winds <5  Knots n = 7 
X Winds > 5  Knots n = 7
N
4 a
AVG
PR RR WTS NPC TCC CC
J  r- l -----------,--------------- ,-------1-----L,------------- L,--------------A J ----------- 1—*----------- ,
.0 0  15.00 30 .00  45 .00  6 0 .00  7 5 .00  9 0 .00  105.00 120.00
KILOMETERS
Figure 63. Bay Channel Turbidity Profiles for Early Falling Water (0:00 to 3:00) Wind
Speed Comparison.
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Figure 64. Bay Channel Turbidity Profiles for Late Falling Water (3:00 to 6:00) Wind
Speed Comparison.
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Figure 65. Turbidity Map for Early Falling Water (0:00 to 3:00) Wind Speed Comparison.
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Figure 66. Bay Channel Turbidity Profiles for Early Rising Water (-6:00 to -3:00) Wind
Speed Comparison.
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speed classes. The Cape C h a r l e s  trans e c t  wit h  no w i nds 
(Figure 67), had above a v e r a g e  t u r b i d i t y  off the ea s t e r n  
shore duri n g  high w a t e r  and early f a l l i n g  water, w h e n  
t u r b i d i t y  levels i n c r e a s e d  e a s t ward. There was a trend, 
m o r e  p r o m i n e n t  off the e a s t e r n  shore, of t u r b i d i t y  levels 
r i s i n g  fro m  m i d - r i s i n g  to early f a l l i n g  water. D u r i n g  b e l o w  
m e a n  w a t e r  c o n d i t i o n s  w i t h  no w i n d s  (F i g u r e  68), t u r b i d i t y  
levels fell off the e a s t e r n  shore and i n c r e a s e d  over 
P o q u o s o n  Flats, r e s u l t i n g  in a t u r b i d i t y  p r o f i l e  change from 
a p o s i t i v e  to a m o r e  n e g a t i v e  slope.
S P RING TID E  - N O N - S P R I N G TIDE
A c o m p a r i s o n  of spring tide and n o n - s p r i n g  tide o p t ical  
d e n s i t y  p r o f i l e s  ( F i gure 69) showed a t u r b i d i t y  nodal point 
off the R a p p a h a n n o c k  River. T u r b i d i t y  was higher, above 
a v e rage, south of the R a p p a h a n n o c k  River d u r i n g  spring tide 
c o n d i t i o n s  ( F i gure 70). S p ring tide t u r b i d i t y  at the Wolf 
Trap Shoals and Cape C h a r l e s  t r a n s e c t s  was above a v e r a g e  and 
h i g h e r  over d e e p e r  w a t e r  (Figu r e s  71, 72).
W h e n  spring tide data wer e  d i v i d e d  into above and b e l o w  
m e a n  w a t e r  classes, above a v e r a g e  t u r b i d i t y  d u ring above 
m e a n  w a t e r  c o n d i t i o n s  was limited to an area a l o n g  the 
e a s t e r n  shore b e t w e e n  New Point C o m f o r t  and Cape C h a r l e s  
(Figure 73). For b e low m e a n  w a t e r  c o n d i t i o n s ,  above a v e r a g e  
t u r b i d i t y  was located south of the R a p p a h a n n o c k  River except 
for a small area a g a i n s t  the e a s t e r n  shore near Cape
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Figure 67. Cape Charles 1.5 Hour Tidal Phase Turbidity Profiles for Above Mean
Water Levels with Winds Less Than 5 Knots.
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Figure 68. Cape Charles 1.5 Hour Tidal Phase Turbidity Profiles for Below Mean
Water Levels with Winds Less Than 5 Knots.
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Figure 69. Spring Tide and Non-Spring Tide Bay Channel Turbidity Profiles.
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Figure 70. Turbidity Map for Spring Tide and Non-Spring Tide Conditions.
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Figure 71. Spring Tide and Non-Spring Tide Wolf Trap Shoals Turbidity Profiles.
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Figure 72. Spring Tide and Non-Spring Tide Cape Charles Turbidity Profiles.
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Figure 73. Turbidity Map for Spring Tide Above and Below Mean Water Phases.
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Charles. The b e l o w  m e a n  w a t e r  t u r b i d i t y  had the highest
levels at Wolf Trap Shoals and south of T h i m b l e  Shoals
channel (F i g u r e  74) and was h i g h e r  over deeper w a t e r  along 
the Wolf Trap Shoals and Cape C h a r l e s  t r a n s e c t s  ( F i gures 75, 
76) .
The s p ring tide data wer e  s u b d i v i d e d  into wind speed
c l asses (F i g u r e  77) w h i c h  showed high t u r b i d i t y  d u r i n g
no - w i n d  c o n d i t i o n s  b e t w e e n  Wolf Trap Shoals and Cape Ch a r l e s  
(Figure 78) and c o n c e n t r a t e d  a l ong the e a s t e r n  shore ( F i gure  
79). S p r i n g  tide t u r b i d i t y  a l o n g  the T a n g i e r  Island and 
Wolf Trap Shoals t r a n s e c t s  ( F i gures 80, 81) was h i gher w h e n  
w i nds b l e w  w h i l e  the Cape C h a r l e s  t r a nsect (Figure 82) had 
high t u r b i d i t y  off the e a s t e r n  shore d u ring no winds.
M O T I O N  P I C T U R E S
The 16 mm  m o v i e  of the L a n d s a t  images over a tidal
cycle was a n a l y z e d  by r e p e a t i n g  the film n u m e r o u s  times and 
c o n c e n t r a t i n g  on small areas of lower C h e s a p e a k e  Bay.
Off the Janes River mouth, turbid g y r e - l i k e  p a t t e r n s  
wer e  at and just after m e a n  w a t e r  level. T h i mble Shoals and 
P o q u o s o n  Flats wer e  turbid for above m e a n  w a t e r  levels w h i l e  
the P o q u o s o n  Flats t u r b i d i t y  spread with f a l l i n g  water
levels. Bay w a t e r s  near Cape C h a r l e s  were turbid duri n g
h i g h e r  w a t e r  levels and were c o n c e n t r a t e d  south of the town 
of Cape C h a r l e s  along shore. This same area duri n g  lower 
wa t e r  levels, was not as turbid, the t u r b i d i t y  being m a i n l y
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Figure 75. Wolf Trap Shoals Spring Tide Above and Below Mean Water and
Non-Spring Tide Turbidity Profiles.
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Figure 76. Cape Charles Spring Tide Above and Below Mean Water and Non-Spring
Tide Turbidity Profiles.
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Figure 77. Spring Tide Bay Channel Turbidity Profiles for Wind Speed Comparison.
■<1
ci
Spring Tide n = 1 9
Non-Spring Tide n = 37
Spring Tide, Winds <5  Knots n =  5
AVG
0-
PR WTSRR NPC TCC CC
105.0015.00 30.00 90.0045.00 60.00  
KILOMETERS
75.00
Figure 78. Spring Tide, No Wind Spring Tide, and Non-Spring Tide Bay Channel
Turbidity Profiles.
38
to
37
Turbidity Levels
+ Above Average
— Below Average
3 0 ' 76'
Figure 79. Turbidity Map for Spring Tide with Winds Less Than 5 Knots.
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Figure 80. Tangier Island Spring Tide Turbidity Profiles for Wind Speed Comparison.
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Figure 81. Wolf Trap Shoals Spring Tide Turbidity for Wind Speed Comparison.
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Figure 82. Cape Charles Spring Tide Turbidity Profiles for Wind Speed Comparison.
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east of F i s h e r m a n ' s  Island.
M o b j a c k  Bay d u r i n g  f a l l i n g  w a t e r s  was turbid along the 
shores, e s p e c i a l l y  its e a s t e r n  shore, w i t h  h i g h e r  tur b i d i t y  
toward its Bay mouth. T u r b i d i t y  e x t e n d e d  f a r ther into 
M o b j a c k  Bay and a c ross the Bay w i d t h  d u r i n g  higher water. 
Off Wolf Trap Shoals, turbid w a ter was close to shore and 
had a linear b o u n d a r y  w i t h  m i d - B a y  w a t e r  d u r i n g  f a l l i n g  
waters. This t u r b i d i t y  b o u n d a r y  was f a r t h e r  away from shore 
du r i n g  r i sing w a t e r  levels, yet was less linear and mor e  
di f f u s e  and ragged. B e y o n d  the R a p p a h a n n o c k  River mouth, 
turbid s t r e a m e r s  w e r e  seen t r e n d i n g  away fro m  W i n d m i l l  and 
St i n g r a y  Poin t s  w i t h  f a l l i n g  w a t e r  levels. This t u r b i d i t y  
a p p e a r e d  f a r t h e r  o f f s h o r e  duri n g  h i g h e r  w a t ers. T u r b i d i t y  
off the P o t o m a c  River m o u t h  was h i g h e s t  in the three hour 
p e r i o d  c e n t e r e d  a r o u n d  low water.
T u r b i d i t y  was seen off the P o c o m o k e  Sound m o u t h  after 
low w a t e r  and v i s i b l y  " r e t r e a t e d "  into the Sound until only 
the h e a d w a t e r s  were turbid at hig h  water. T u r b i d i t y  was 
seen f a r t h e r  toward the m o u t h  as low w a t e r  was a p p r o a c h e d .
The James River m o u t h  and P o q u o s o n  Flats area was 
t u rbid c l o s e r  to shore with n o r t h e r l y  and n o r t h w e s t e r l y  
winds, w h i l e  t u r b i d i t y  c o v e r e d  a w i d e r  area wit h  w e s t e r l y  
winds. T u r b i d  v a t e r  in the Wolf Trap Shoals area had a 
d o w n w i n d  o r i e n t a t i o n .  The upper r e g i o n  of P o c o m o k e  Sound 
was turbid duri n g  s o u t h w e s t e r 1 ies and m o r e  turbid in the 
lower Sound w i t h  w e s t e r l y  and n o r t h e r l y  winds. W a t e r s  off 
the P o t o m a c  River m o u t h  were turbid with southwest to 
n o r t h w e s t e r l y  winds.
D I S CUSS ION
T U R B I D ITY V A R I A T IO NS  
S EASONS
One of the p u r p o s e s  of this study was to an a l y z e  
s u r face w a ter t u r b i d i t y  v a r i a t i o n s  in lower C h e s a p e a k e  Bay 
and d i s c e r n  their p o s s i b l e  causes. In the Burt (1955) 
i n v e s t i g a t i o n  of C h e s a p e a k e  Bay surface w a t ers, it was found 
that t u r b i d i t y  v a r i a t i o n s  were seasonal. The f i n d i n g s  
s howed surface t u r b i d i t y  levels wer e  h i g h e s t  in winter, 
f a l l i n g  th r o u g h  spring and summer to a low in fall. The 
d e c r e a s e  in t u r b i d i t y  levels was a t t r i b u t e d  to< the de c r e a s e  
of f r e s h w a t e r  d i s c h a r g e ,  win d  m i x i n g ,  and b i o l o g i c a l  
p r o d u c t i o n ,  the p r i m a r y  seasonal factors. Tidal c u r rents 
w e r e  a factor w h i c h  a f f e c t e d  t u r b i d i t y  on a time scale of 
hour s .
A s e a sonal e x a m i n a t i o n  of the L a n d s a t  data in this 
study was limited to the op t i c a l  d e n s i t y  a n a l ysis. No 
c a t e g o r i z a t i o n  of v i s u a l  a n a l y s i s  r e s ults was pos s i b l e  and, 
though fea s i b l e ,  none was done u s i n g  the m o t i o n  pictures. 
The r e s i d u a l  o p t i c a l  d e n s i t y  data were s e a s o n a l l y  d i v i d e d  
and a v e r a g e d  to p r o d u c e  p r o f i l e s  for each of the four 
t r a n s e c  t s .
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The av e r a g e  se a s o n a l  p r o f i l e s  for the Bay channel 
transect showed g e n eral trends of h i g h e r  t u r b i d i t y  levels 
s o u t h w a r d  d u r i n g  fall and w i n t e r  and h i g h e r  t u r bidity  
n o r t h w a r d  in spring and sunnier ( F i gure 27). The wint e r  
t u r b i d i t y  level was the highest, in a g r e e m e n t  w i t h  Burt 
(1955) who a t t r i b u t e d  the high t u r b i d i t y  to w i n d  m i x i n g  and 
runoff. S t r o n g  fall- and w i n t e r - a s s o c i a t e d  north w i n d s  can 
e x p l a i n  h i g h e r  t u r b i d i t y  to the south, but no t u r b i d i t y  
peaks off the river m o u t h s  are present to s u b s t a n t i a t e  the 
im p o r t a n c e  of r u noff d u r i n g  fall and wi n t e r .  The a v e r a g e d  
L a n d s a t  spring data showed low t u r b i d i t y  levels c o n t r a r y  to 
Burt (1955) who a t t r i b u t e d  his high spring t u r b i d i t y  
f i n d i n g s  to runoff. The L a n dsat data do not show C h e s a p e a k e  
Bay t u r b i d i t y  to be d i r e c t l y  a f f e c t e d  by fluvial d i s c h a r g e  
as stated by Burt (1955). The summer p r o f i l e  was not 
f l u c t u a t i n g  as in the f i n d i n g s  of Burt ( 1955 ).> Burt ( 1955 ) 
found fall to have the lowest t u r b i d i t y  v a l u e s  due to 
m i n i m a l  i n f l u e n c e s  except tidal scour. The fall Landsat 
p r o f i l e  m i m i c k e d  the high w i n t e r  p r o f i l e  w h i c h  was 
a s s o c i a t e d  w i t h  s e a sonal n o rth winds. These d i f f e r e n c e s  in 
s e a s o n a l  t u r b i d i t y  levels and trends show that the str e n g t h s  
of runoff, wind, and tidal scour vary s p a t i a l l y  and 
s e a s o n a l l y .  The r e s u l t s  here d e m o n s t r a t e  that seasonal 
surface t u r b i d i t y  trends are m o r e  c o m p l i c a t e d  than found by 
Burt (1955).
The s e a s o n a l  Wolf Trap and Cape C h a r l e s  c r o s s - t r a n s e c t  
p r o f i l e s  ( F i g u r e s  29, 30) showed t u r b i d i t y  p r o g r e s s i v e l y
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h i g h e r  from spring to winter, w h ile the T a n g i e r  profile 
showed no s e a sonal trend (Figure 28). The seasonal trends 
of the c r o s s - t r a n s e c t s  are similar to the Bay channel 
t r a n s e c t s  at the c r o s s - t r a n s e c t  locations. H o w ever, it must 
be noted that these t r a n s e c t s  are in a n e a r - p e r p e n d i c u l a r  
o r i e n t a t i o n ,  one that cannot be r e p r e s e n t e d  by one sample 
st a t i o n  on the Bay channel transect. The cross p r o f i l e  
se a s o n a l  trend v a r i e s  from trends found by Burt, w h i c h  
i n d icates a d i f f e r e n t  order of d o m i n a n t  factors i n f l u e n c i n g  
s e a sonal t u r b i d i t y  levels.
A g e n e r a l i z a t i o n  of lower C h e s a p e a k e  Bay surface 
t u r b i d i t y  levels fro m  a s e a sonal o v e r v i e w  (as by Burt 1955) 
is not t o t a l l y  ad e q u a t e .  I d e n t i f i c a t i o n  of seas o n a l l y  
d o m i n a n t  runoff, w ind and tidal scour is i n c o m p l e t e  since 
in d i v i d u a l  s u b - f a c t o r s  can be d o m i n a n t  in d i f f e r e n t  seasons. 
The a v a i l a b i l i t y  of L a n d s a t  data p r o v i d e s  a new tool for 
sh o w i n g  the local s e a sonal v a r i a t i o n s  not a c c o u n t e d  for by 
Burt (1955). A b r e a k d o w n  of the Landsat data a c c o r d i n g  to 
the d o m i n a n t  s e a s o n a l  f a c t o r s  (runoff, wind and tidal scour) 
and their s u b c l a s s e s  (wind d i r e c t i o n  and speed, tidal phase, 
and spring tide) w o u l d  show surface t u r b i d i t y  v a r i a t i o n s  in 
lower C h e s a p e a k e  Bay. As seen in the results, simple 
g e n e r a l i z a t i o n s  are d i f f i c u l t  to make.
F R E S H W A T E R D I S C H A R G E
The S u s q u e h a n n a  River is the largest f r e s h w a t e r  source 
for C h e s a p e a k e  Bay. S a l i n i t y  c o r r e l a t i o n  a n a l y s i s
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( M a c I n t y r e  and R u z e c k i  1969) showed that a peri o d  of 75 days 
is r e q u i r e d  for S u s q u e h a n n a  River w a t e r  to reach H a m p t o n  
Roads. The s u s p e n d e d  sediment a s s o c i a t e d  with the
f r e s h w a t e r ,  h o w e v e r , does not m a k e  the same jo u r n e y  and is
instead tr a p p e d  in the C h e s a p e a k e  Bay t u r b i d i t y  m a x i m u m
above A n n a p o l i s  ( S c h u b e l  1968a, 1968b, Biggs 1970). Only 
about 4% of the total S u s q u e h a n n a  River s u s p e n d e d  m a t e r i a l  
e s c apes s o u t h w a r d  (Biggs 1970); of that amount, little
r e a c h e s  the lower Bay.
Of the four m a j o r  lower C h e s a p e a k e  Bay t r i b u t a r i e s ,  
v i s u a l  a n a l y s i s  of L a n d s a t  imagery s u g g e s t e d  the Potomac
(Figure 17) and James R i v e r s  (Figure 21) to have turbid
w a t e r  e m a n a t i n g  f r o m  their mouths. M a c I n t y r e  and R u z ecki
(1969) found t h r o u g h  sa l i n i t y  studies a p e riod of 15 days 
for f r e s h w a t e r  to pass b e t w e e n  Ri c h m o n d ,  V i r g i n i a  and 
H a m p t o n  Roads. It r e m a i n e d  to be d e t e r m i n e d  w h e t h e r  turbid 
w a t e r  e m a n a t i n g  from these river m o u t h s  was due to 
f r e s h w a t e r  d i s c h a r g e  and, if so, what v o l u m e  was needed to 
cause the turbid outflow.
Many images showed plume or g y r e - l i k e  patte r n s  off the 
James River m o uth. Since some images did not have turbid 
w a t e r  at the mouth, a d i f f e r e n t  feature, p r o m i n e n t  in all 
imagery, had to be used to study po s s i b l e
f r e s h w a t e r - t u r b i d i t y  r e l a t i o n s h i p .  One had to go u p s t r e a m  
in the James R i ver to find such a p r o m i n e n t  feature, the
t u r b i d i t y  m a x i m u m ,  w h o s e  location is d e p e n d e n t  on the 
f r e s h w a t e r  d i s c h a r g e  v o l u m e  (Nichols 1972).
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The m u l t i p l e  r e g r e s s i o n  a n a l y s i s  for a f r e s h w a t e r
v o l u m e - t u r b i d i t y  m a x i m u m  location r e l a t i o n s h i p  was
r u d i m e n t a r y .  The a n a l y s i s  used only three inde p e n d e n t
v a r i a b l e s :  daily v a r i a t i o n  from a v e r a g e  f r e s h w a t e r  flow, 
times of the L a n d s a t  o v e r p a s s  a c c o r d i n g  to p r e d i c t e d  high 
tide at M u l b e r r y  Point, and winds. A t h o r o u g h  i n v e s t i g a t i o n  
of f r e s h w a t e r  m o v e m e n t  t h r o u g h  an e s t u a r y  w o uld have to
con s i d e r  spatial v a r i a t i o n  in tidal phase and current, 
d i l u t i o n  t h rough mi x i n g ,  and d i s c h a r g e - d e p e n d e n t  f r e s h w a t e r  
transit times b e t w e e n  the f r e s h w a t e r  g a u g i n g  s t a tion and any 
point in the estuary. An i n v e s t i g a t i o n  of s ufficient
c o m p l e x i t y  to f u l l y  r e s o l v e  these issues w o u l d  be 
t i m e - c o n s u m i n g  and was not w i t h i n  the scope of this study.
The results did, however, p r o v i d e  i n f o r m a t i o n  that 
s u g g e s t e d  fu r t h e r  i n v e s t i g a t i o n  could be omitted. The low 
c o r r e l a t i o n  c o e f f i c i e n t s  (Figure 24) do not strongly support 
a dire c t  f r e s h w a t e r  i n f l uence on the t u r b i d i t y  m a x i m u m  
location. The results, t h ough low for a large data set, do 
suggest that an a b ove a v e r a g e  f r e s h w a t e r  d i s c h a r g e  at 
Ric h m o n d ,  taking 12, 16, or 17 days to reach the t u r b i d i t y
m a x i m u m ,  may i n f l u e n c e  the l o c a t i o n  of this t u r b i d i t y
m a x i m u m  ( F i gure 24). Overall, the low r e g r e s s i o n  results
suggest that an incre a s e  in f r e s h w a t e r  influx does not move 
the turbid w a t e r s  very far d o w n s t r e a m .  This f i n d i n g  is in 
a g r e e m e n t  with e a r l i e r  findings: most sus p e n d e d  sediment 
r e m a i n s  in s u s p e n s i o n  at the t u r b i d i t y  m a x i m u m  as d e t e r m i n e d  
by N i c h o l s  (1972), and the James River does not tra n s p o r t
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much r i v e r - b o r n e  se d i m e n t  b e low the t u r b i d i t y  m a x imum, as is 
evident in the lack of b o t t o m  mud beyo n d  the river m o u t h  
(Schubel 1975). T h e r e f o r e ,  it is c o n s i d e r e d  that the turbid 
plumes at the James River m o u t h  are not due to direct
f r e s h w a t e r  d i s c harge. This w o u l d  m e a n  that f r e s h w a t e r
d i s c h a r g e  is not an i n f l u e n c i n g  f a c t o r  on C h e s a p e a k e  Bay 
surface t u r b i d i t y  off the James R i ver in a g r e e m e n t  w ith 
L u d w i c k  (1981) and for other lower Bay f r e s h w a t e r  flow 
rivers such as the Y o r k  and R a p p a h a n n o c k .
S u p p o r t i v e  e v i d e n c e  is p r o v i d e d  by o b s e r v a t i o n s  of the 
C h e s a p e a k e  Bay h y d r a u l i c  model and o p t i c a l  de n s i t y  data. 
C o n f e t t i  was d r o p p e d  in the James River p o r t i o n  of the Bay 
m o del at R i c h m o n d  d u r i n g  high f r e s h w a t e r  flow. The c o n f e t t i  
p r o g r e s s e d  d o w n s t r e a m  until it r e a c h e d  the a v e r a g e  t u r b i d i t y  
m a x i m u m  lo c a t i o n  near Hog Island. T h e r e  the c o n f e t t i
r e m a i n e d  three scale days before some e s c a p e d  d o w n s t r e a m . 
F r e s h w a t e r - b o r n e  s u s p e n d e d  sediment, si m i l a r  in b e h a v i o r  to 
c onfetti, w o u l d  be t r a p p e d  at the James m a x i m u m .  S u r face 
t u r b i d i t y  at the James River m o u t h  should be high in spring 
due to high f r e s h w a t e r  d i s c h a r g e  a c c o r d i n g  to Burt (1955). 
The spring Bay channel optical d e n s i t y  p r o f i l e  (Figure 27), 
however, in d i c a t e d  lowest t u r b i d i t y  levels a n n u a l l y  to the 
ext r eme south.
T u r b i d i t y  of P o t o m a c  River water, spread as wide as the 
river itself, was seen e x t e n d i n g  as far as 20 km from the 
m o u t h  in 19 images (Figures 17, 18). No m u l t i p l e  r e g r e s s i o n  
a n a l y s i s  was done due to i n s u f f i c i e n t  La n d s a t  c o v e r a g e  of
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the P o t o m a c  e s t uary and an a b s e n c e  of s u f f i c i e n t l y  pro m i n e n t 
t u r b i d i t y  features in all the images. A c o m p a r i s o n  be t w e e n  
a v e r a g e  f r e s h w a t e r  d i s c h a r g e  for the t h r e e - w e e k  p e riod prior 
to each ov e r p a s s  and daily d i s c h a r g e  v o l u m e s  was made 
(F igure 24). The r e s ults sug g e s t e d  that hig h  f r e s h w a t e r  
flow p a s s i n g  W a s h i n g t o n  D.C. w ith eith e r  a 10 or 20 day lag 
ma y  be p a r t i a l l y  r e s p o n s i b l e  for turbid w a t e r  at the P o t omac 
River mouth. Some dates w i t h  turbid P o t o m a c  River waters, 
however, did not have any recent days of high f r e s h w a t e r  
flow. This w o uld i n d icate that other forces w ere totally 
r e s p o n s i b l e  on those dates for the t u r b i d i t y ,  and t h e r e f o r e  
the same forces may have had a s i g n i f i c a n t  role for the 
o t her dates.
Except for summer, the s e a s o n a l l y  a v e r a g e d  Bay channel 
o p t ical de n s i t y  p r o f i l e s  i n d icate b e l o w  a v e r a g e  t u r b idity 
levels off the P o t o m a c  River (Figure 27). The spring Bay 
ch a n n e l  profile, w h i c h  is e n t i r e l y  b e l o w  average, has its 
h i g h e s t  t u r b i d i t y  levels off the P o t o m a c  R i ver mouth. These 
h i g h e r  levels agree with Burt (1955), who found in spring 
h i g h e r  f r e s h w a t e r - r e 1ated t u r b i d i t y  off the river mouths.
In summary, the m u l t i p l e  r e g r e s s i o n  r e s u l t s  show that 
f r e s h w a t e r  d i s c h a r g e  for the James River, and p r o b a b l y  for 
the lower volu m e  Yor k  and R a p p a h a n n o c k  Rivers, does not 
n o r m a l l y  affect s u r face t u r b i d i t y  in lower C h e s a p e a k e  Bay. 
Visual a n a l y s i s  and optical de n s i t y  p r o f i l e s  suggest that 
h igh P o t o m a c  River f r e s h w a t e r  d i s c h a r g e s ,  e s p e c i a l l y  in 
spring, in c r e a s e  s u rface t u r b i d i t y  beyond the P o t o m a c  River
159
mouth. This f i n d i n g  is in a g r e e m e n t  w ith the results of 
Burt (1955) and S h i d e l e r  (1975). The op t i c a l  density  
p r o f i l e s ,  however, show the Po t o m a c  River r e l a t e d  surface 
t u r b i d i t y  to be l o c a lized, q u i c k l y  d e c r e a s i n g  away from the 
mo u t h .  I n d i v i d u a l  Bay c h a n n e l  p r o f i l e s  show high t u r b i d i t y  
off the P o t o m a c  River at times other than the spring season. 
This suggests that other factors be s i d e s  f r e s h w a t e r  
d i s c h a r g e  are r e s p o n s i b l e  for turbid w a t e r s  east of Smith 
P o i n t .
WIN D
Su r f a c e  w ind t r a n s f e r s  e n e r g y  to surface w a t e r  through 
fr i ction, and c r e ates w a v e s  and w i n d - d r i v e n  currents. The 
a m p l i t u d e  of the w a v e s  is d e p e n d e n t  on win d  speed, duration, 
and fetch. Waves wil l  cause t u r b u l e n c e  in the w a t e r  column
w h i c h  can result in the r e s u s p e n s i o n  of b o t t o m  sediment. In
C h e s a p e a k e  Bay, Burt (1955) found w i n d - r e l a t e d  r e s u s p e n s i o n  
o c c u r r i n g  to m a x i m u m  d e p t h s  of 6.6 m. The s h a l l o w e r  regions 
are s u b j e c t e d  to longer d u r a t i o n s  of wave energy input w h i c h  
kee p  m a t e r i a l  in s u s p e n s i o n  for a longer p e r i o d  of time.
W a v e s  ca p a b l e  of b o t t o m  r e s u s p e n s i o n  are c r eated and 
m a i n t a i n e d  w h e n  s u f f i c i e n t  fetch and w ind speed exist.
F e tch allo w s  s u f f i c i e n t  win d  speeds to set up larger waves
d o w n w i n d  and thus i n c r e a s e  b o t t o m  r e s u s p e n s i o n .  The
i m p o r t a n c e  of fetch is shown in Figure 36, w h e r e  the longer, 
d o w n - B a y  fetch for n o r t h  w i n d s  r e s u l t s  in h i g h e r  t u r b i d i t y
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at the s o u t h e r n  end. A similar fetch for south w i nds does 
not result in h i g h e r  d o w n w i n d  t u r b i d i t y  b e c a u s e  of lower 
wind speeds ( F igure 3). The n a r r o w  w i d t h  of C h e s a p e a k e  Bay 
p r e v e n t s  west w i n d s  from p r o d u c i n g  h i g h e r  d o w n w i n d  t u r b i d i t y  
c o n c e n t r a t e d  a g a i n s t  the e a s t e r n  shore (F i g u r e s  38, 39, 40).
A c c o r d i n g  to o p t i c a l  d e n s i t y  results, w ind speeds do 
affe c t  the degr e e  of s u r face w a t e r  t u r b i d i t y  in C h e s a p e a k e  
Bay. R e g a r d l e s s  of w i n d  d i r e c t i o n ,  t u r b i d i t y  was high e r  
w h e n  12 hour win d  speed a v e r a g e s  w ere g r e a t e r  than 10 knots. 
An e x c e p t i o n  was at the Wolf Trap tr a n s e c t  d u r i n g  west 
winds.
High speed north and n o r t h w e s t  w i nds are p r o m i n e n t  in 
the w i n t e r  m o n t h s  and are the cause of h i g h e r  w i n t e r  
t u r b i d i t y  (Burt 1955, L u d w i c k  and M e l c h o r  1972). From April 
to S e p t ember, there is an a v e r a g e  of 10 days with wind 
speeds above 15 mph, w h i l e  duri n g  w i n t e r  this w ind speed is 
e x c e e d e d  45 days ( L u d w i c k  and M e l c h o r  1972). The w i n t e r  Bay 
ch a n n e l  p r o f i l e  ( F i gure 27) shows the h i g h e r  north 
w i n d - a s s o c i a t e d  t u r b i d i t y  toward the south.
In the A t l a n t i c  Ocean, L a v e l l e  e_t a 1 . ( 1975 ) found wind 
d r i v e n  currents w h e n  w i nds blew at 5 m/s, or 10 knots. 
T h ose currents carry b o t t o m  sediment s u s p e n d e d  by wind waves 
d o w n w i n d  to w a t e r s  over 20 ft (6.6 m) deep, w h e r e  d e c r e a s e d  
w a v e  a c t i o n  allows s e t t l i n g  (Carron 1979). L a n d s a t  e v i d e n c e  
of wind d r iven c u r r e n t s  was limited to small d o w n w i n d  
o r i e n t e d  t u r b i d i t y  p a t t e r n s  close to shore such as off Smith 
Point, off the R a p p a h a n n o c k  River, and off the C h e s a p e a k e
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Bay m o u t h  (Figures 17, 19, 83). The L a n d s a t  data did not 
p r o v i d e  insight as to how b o t t o m  c u r r e n t s  r e a c t e d  d u r i n g  
strong winds and could not c o n f i r m  or r e fute the w o r k  of 
W ang and Elliott (1978) c o n c e r n i n g  the t w o - l a y e r  flow 
b r e a k d o w n .
The Bay c h a nnel tr a n s e c t  was located over the channel  
so that wind r e s u s p e n s i o n  w o u l d  have a m i n i m a l  effect on 
su r f a c e  t u r b idity. The c h a nnel b a t h y m e t r y ,  r a n g i n g  fro m  23 
to 103 ft (7.6 to 34.3 m ) , has little effect on surface 
w a t e r  t u r b i d i t y  based on the t u r b i d i t y  v e r s u s  d e pth re s u l t s  
(F i g u r e  26). T h e r e f o r e ,  any high levels of t u r b i d i t y  on the 
Bay c h a n n e l  p r o f i l e  i n d i c a t e d  s u s p e n d e d  s e d iment t r a n s p o r t e d  
over the channel. H i g h e r  than a v e r a g e  t u r b i d i t y  levels 
o c c u r r e d  over the Bay ch a n n e l  d u r i n g  high w e s t e r l y  winds. 
These levels were located off the P o t o m a c  River and south of 
M o b j a c k  Bay ( F igure 41). T h ese same turbid Bay c h annel 
areas had in c o m m o n  at least 20 km of open w a t e r  to the west 
of the p r o f i l e  ( F i gure 7). This d i s t a n c e  may be the m i n i m u m  
length of open w a t e r  n e e d e d  for the f o r m a t i o n  of w i n d - w a v e s  
and c u r r e n t s  c a p a b l e  of r e s u s p e n d i n g  and t r a n s p o r t i n g  
s e d i m e n t  in C h e s a p e a k e  Bay.
W i t h  n o r t h e r l y  w i n d s  gr e a t e r  than 10 knots, surface 
w a t e r s  were turbid except over the 3-4 km w i d e  (about 45 
pixels) deep c h a nnel ( F i g u r e s  15, 37) w i t h  sediment
c o n c e n t r a t i o n s  p a r a l l e l  to the Bay axis and w ind d i r e c t i o n  
(Figure 23). The g r e a t e r  than 40 ft (13.3 m) c h annel 
e x t e n d s  t h r o u g h  the e n t i r e  s o u t h e r n  C h e s a p e a k e  Bay, though
Figure 83. Landsat Image Negative, 24 Dec 1975, —3:20.
Note the turbid (dark) wind-oriented turbid plume off the Chesapeake Bay mouth.
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s h a l l o w e r  areas, up to 23 ft (7.6 m) , are inclu d e d  in the 
channel optical d e n s i t y  transect (F i g u r e  8). The north wind  
op t ical d e n s i t y  r e s u l t s  suggest a 13 m limit to wind 
r e s u s p e n s i o n  in s o u t h e r n  C h e s a p e a k e  Bay.
When the o p t ical d e n s i t y  t r a n s e c t s  are c l a s s i f i e d  by 
tidal phase, the simple high wind s p e e d - h i g h  t u r b i d i t y  
r e l a t i o n s h i p  no longer existed. The Bay ch a n n e l  p r o f i l e s  
c l e a r l y  had h i g h e r  t u r b i d i t y  w i t h  lower w i n d  speeds, except 
for the rising w a t e r  level p r o f i l e s  ( F i g u r e s  62, 63, 64,
66). North and west winds, p r e d o m i n a n t  in the high wind 
p r o f i l e s  (Figures 41, 43, 44, 45), can e s t a b l i s h  d o w n - B a y  
w i n d - d r i v e n  cu r r e n t s  a c c o r d i n g  to W a n g  and Elliott (1978)
and Wang (1979a, 1979b), or at least hinder, through surface 
friction, o p p o s i n g  w a t e r  v e l o c i t i e s  d u r i n g  p r e d i c t e d  flood 
c u r r e n t s  (Figure 10). The c o n t r a r y  d i r e c t i o n s  of m o v e m e n t  
for high v e l o c i t y  n o r t h e r l y  w i n d s  and p r e d i c t e d  flood w a t e r s  
(Figure 10) were a s s o c i a t e d  wit h  lower t u r b i d i t y  levels 
after high w a ter (Figu r e s  10, 63).
In summary, w ind inf l u e n c e  on surface w a t e r  t u r b i d i t y  
for lower C h e s a p e a k e  Bay depends on d i r e c t i o n ,  fetch, wind 
speed, and tidal phase. W a t e r s  i m m e d i a t e l y  d o w n w i n d  of land 
masses, and even leeward of the C h e s a p e a k e  Bay 
B r i d g e - T u n n e l ,  had n o t i c e a b l y  lower t u r b i d i t i e s  (Figure 16). 
The open water of C h e s a p e a k e  Bay and the P o t omac River
al l o w e d  north and west w i nds r e s p e c t i v e l y  to p r o d u c e  h i gher 
t u r b i d i t y  d o w n w i n d  ( F i gure 36).
H i g h e r  wind speeds were a s s o c i a t e d  w ith h i gher
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t u r b i d i t y  a c c o r d i n g  to the o p t i c a l  d e n s i t y  profiles. 
O p p o s i n g  wind and p r e d i c t e d  tidal c u r r e n t  d i r e c t i o n s  
r e s u l t e d  in lower t u r b i d i t y  levels ( F i g u r e s  63).
T J D E S _ A N D  T I D A L  C U R R E N T S
Tidal c u r r e n t s  g e n e r a l l y  have a daily, not seasonal, 
i n f l u e n c e  on s u r face t u r b i d i t y  in lower C h e s a p e a k e  Bay. The 
only seasonal d i s t i n c t i o n  tidal c u r r e n t s  have is in early 
fall, whe n  m e t e o r o l o g i c a l ,  f r e s h w a t e r ,  and b i o l o g i c a l  
factors are at a m i n i m u m  (Burt 1955). It is the f r i c t i o n a l  
i n t e r a c t i o n  b e t w e e n  m o v i n g  w a t e r  and b o t t o m  sediment that 
r e s u s p e n d s  the sediment, the s e d iment amount and size 
d e t e r m i n e d  by the current v e l o c i t y .  Clay is the p r e d o m i n a n t  
mode of s u s p e n d e d  sediment (S c h u b e l  and C a r t e r  1976).
Tidal c u r r e n t s  in C h e s a p e a k e  Bay a t t a i n  speeds of 0.3 
to 3.0 knots (Haight 1930, P r i t c h a r d  1971). S h a l l o w e r  areas 
are more a f f e c t e d  by tidal c u r r e n t s  ( L u d w i c k  1973) and 
t h e r e f o r e  have less d e p o s i t i o n  and lower b o t t o m  sediment 
clay con t e n t s  ( C a r r o n  1979, Byrne et a 1 . 1982). S u s p e n d e d  
sediment c o n c e n t r a t i o n s  in any one spot f l u c t u a t e  due to 
tidal current ch a n g e s  (S c h u b e l  1970, 1975). S l ack w a t e r  and 
low tidal c u r rents cause sediment to settle out of the w a ter 
c o l u m n  w h i l e  i n c r e a s i n g  c u r r e n t s  r e s u s p e n d  m o r e  b o t t o m  
sediment. T u r b i d i t y  v a r i a t i o n s  can also occur wit h  tidal 
phases. The u p p e r  ten feet of the w a t e r  column, i r r e levant  
for b o t t o m  r e s u s p e n s i o n  in deep water, has s t r o n g e r  ebb than
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flood currents ( P r i t c h a r d  1971, L u d w i c k  1973). At the
C h e s a p e a k e  Bay m o u t h  there is i n f o r m a t i o n  on b o t t o m  
currents. L u d w i c k  (1973) found the e r o s i o n  and d e p o s i t i o n  
i n t e n s i t y  to be g r e a t e r  with ebb c u r r ents. The longer 
d u r a t i o n  flood c u r r e n t s  are less c o m p e t e n t ,  w h i l e  the ebb 
cu r r e n t s  have a h i g h e r  shear stress.
Visual a n a l y s i s  showed turbid s u r face w a t e r s  off 
F i s h e r m a n ' s  Island and n o r t h  to Cape C h a r l e s  City duri n g  
ri s i n g  w a ters ( K unday and F e dosh 1980). D u r i n g  the same
tidal phase, the Chen (1968) current d i a g r a m s  show flood
w a t e r s  w h i c h  are d e f l e c t e d  by the C o r i o l i s  effect ( L u d w i c k  
and M e l c h o r  1972), r e s u s p e n d i n g  and t r a n s p o r t i n g  b o t t o m
se d i m e n t  (Schubel 1975). Sand, p r e s e n t  in the b o t t o m
sediment off Cape C h a r l e s  (Byrne ejL a 1 . 1982), also suggests 
tidal s c o u r i n g  ( S h i d e l e r  1975). The b o t t o m  sediment
c o r r e l a t i o n  a n a l y s i s  showed the h i g h e s t  c o r r e l a t i o n  of
b o t t o m  sediment and surface t u r b i d i t y  in the Cape Charles  
area, e s p e c i a l l y  for sand (Figure 25). Both the Cape
C h a r l e s  3 and 1.5 hour interval above m e a n  w a t e r  (local 
tide) pr o f i l e s  showed h i gher t u r b i d i t y  off the e a s t e r n  shore 
(F i gure 49). The Che n  (1978) current d i a g r a m s  for above
m e a n  water c o n d i t i o n s  show f l o o d i n g  w a t e r s  at the Cape
C h a r l e s  p r o f i l e  l o c a t i o n  (Figure 10). T u r b i d i t y  started
i n c r e a s i n g  after late r i s i n g  water, r e a c h e d  its highest
level after high wate r ,  and d i m i n i s h e d  after the subs e q u e n t  
m e a n  w a ter (Figures 57, 58). The t u r b i d i t y  after high w a ter 
was pr e s e n t  f a r t h e r  from the e a s t e r n  shore over the m a i n
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channel. As w a ter levels fell, higher t u r b i d i t y  levels were 
located first over the s h a l l o w  w a ter and later f u r ther away 
from shore (Figures 67, 68).
F o l l o w i n g  the tidal w ave crest up C h e s a p e a k e  Bay, the 
Wolf Trap Shoals p r o f i l e s  did not show man y  s i m i l a r i t i e s  to 
the Bay m o u t h  area. There was no trend of incr e a s i n g  
t u r b i d i t y  for above m e a n  w a t e r  c o n d i t i o n s  nor any higher  
levels toward the e a s t e r n  shore ( F i gures 48, 55, 56).
T u r b i d i t y  during the tidal cycle r e a ched the hi g h e s t  levels 
after hig h  water, as in the Bay channel and Cape C h a rles 
p r o f i l e s  and was a s s o c i a t e d  w i t h  high t u r b i d i t y  e x t e n d i n g  
from Cape Charles to the R a p p a h a n n o c k  River m o u t h  (60 km 
station) (Figure 46).
The tidal wav e  crest p a s s i n g  the T a n g i e r  Island
c r o s s - B a y  transect was a s s o c i a t e d  with high t u r b i d i t y  before 
local high water (F i g u r e s  47, 53). C h e s a p e a k e  Bay w i d e n s  in 
this area with T a n g i e r  Island s e p a r a t i n g  the m a i n  Bay 
c h a nnel from T a n g i e r  and P o c o m o k e  Sounds. Sandy flats in 
the sounds were not a f f e c t e d  by cu r r e n t s  w h i c h  are stronger 
in the m a i n  c h a n n e l s  (Ryan 1953).
F a l l i n g  w a ter levels c o r r e s p o n d e d  with lower t u r b i d i t y  
levels in the Cape Charles, Wolf Trap Shoals, and Bay
channel profiles. For f a l l i n g  w a t e r  levels a l o n g  the Bay
channel transect, t u r b i d i t y  d e c r e a s e d  at d i f f e r e n t  t e m poral 
rates on either side of the R a p p a h a n n o c k  River. The
d i f f e r e n c e s  b e t w e e n  each c o n s e c u t i v e l y  lower t u r b i d i t y  level 
w e r e  m i n i m a l  south of the R a p p a h a n n o c k  River w h e r e  m a x i m u m
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ebb c u r r r e n t  v e l o c i t i e s  a t t a i n e d  speeds of 1.3 and 1.4 knots 
(Figure 9B). M a x i m u m  ebb current v e l o c i t i e s  \*rere lower
n o r t h  of the R a p p a h a n n o c k  River (Figure 9B) w h e r e  there was
low tidal e n ergy (Byrne e_t a 1 . 1982) and w h e r e  t u r b i d i t y
d i f f e r e n c e s  b e t w e e n  each c o n s e c u t i v e l y  lower t u r b i d i t y  level 
was large (Figure 46).
At times of low w a t e r  at the Bay mouth, turbid surface 
w a t e r s  were v i s i b l e  south of the T h i m b l e  Shoals C h a n n e l  
( F i g u r e  84). The same tidal phase c o i n c i d e d  wit h  m a x i m u m
ebb c u r r e n t s  in the Chen (1978) current d i a g r a m s  (Figure
10). This t u r b i d i t y  e x t e n d e d  e a s t w a r d  fro m  the James River 
m o u t h  w h e r e  s e d iment is locally r e s u s p e n d e d  from the 
s h a l l o w s  ( L u d w i c k  1981) t o ward b e y o n d  the Bay m o u t h  a r ound 
Cape H e n r y  (Kunday and Fedo s h  1980, 1981).
The a d v a n c e  of low w a t e r  to the Cape C h a r l e s  tr a n s e c t  
c o i n c i d e d  wit h  high t u r b i d i t y  over P o q u o s o n  Flats (Figure
49) and ebbi n g  w a t e r s  for the same tidal phase in the Chen
(1978) c u rrent d i a g r a m s  ( F i gure 10). In this area of
c o a r s e r  b o t t o m  sedim e n t  (Byrne e£ a 1 . 1982 ), t u r b i d i t y
d e c l i n e d  g r e a t l y  f o l l o w i n g  low w a t e r  (Figure 49).
T u r b i d i t y  levels at the Wolf Trap tra n s e c t  ( F i gure 48) 
b e c a m e  lower a f ter high w a t e r  u n til a low for the tidal 
cycle was re a c h e d  d u r i n g  late r i s i n g  water. This same trend 
is shown in the Bay channel p r o f i l e s  (Figure 46) for the 
Wolf Trap S h o a l s - B a y  m o u t h  area.
T u r b i d i t y  n o r t h  of the R a p p a h a n n o c k  River r e a c h e d  its 
h i g h e s t  level a f ter low w a t e r  p a s s e d  the P o t o m a c  River m o u t h
Figure 84. Landsat Image Negative, 31 Oct 1980, —5:36.
Note the turbid (dark) water south of Thimble Shoals Channel during ebb currents.
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( F i gure 61) with turbid P o t omac River w a t e r  e x t e n d i n g  into 
C h e s a p e a k e  Bay (Figure 18). High t u r b i d i t y  was limited to 
Smith Point d u ring local early r i s i n g  w a t e r  (late rising  
w a t e r  in Figure 61) and became high e r  and farther south of 
the Po t o m a c  River d u r i n g  local late rising water.
In summary, as the tidal w a v e  crest a d v a n c e d  in 
C h e s a p e a k e  Bay, t u r b i d i t y  became higher. C l oser to the Bay
m o u t h  this t u r b i d i t y  was c o n c e n t r a t e d  f a rther eastward. The 
h i g h e r  t u r b i d i t y  was seen north to the R a p p a h a n n o c k  River 
f o l l o w i n g  the a d v a n c e  of high w a t e r  and b e c a m e  lower as 
w a t e r  levels fell. As low w a t e r  was a p p r o a c h e d ,  changes in 
t u r b i d i t y  levels v a r i e d .  South of the R a p p a h a n n o c k  River 
m o uth, the drop in t u r b i d i t y  was m i n i m a l ,  w h i l e  to the north 
it was sharp. H o w ever, t u r b i d i t y  was h i g h e r  off Smith Point 
a f t e r  local low w a t e r  w i t h  turbid P o t o m a c  River w a t e r  
e x t e n d i n g  into C h e s a p e a k e  Bay. D u r i n g  b e l o w  m e a n  water 
c o n d i t i o n s ,  t u r b i d i t y  south of Wolf Trap Shoals was
c o n c e n t r a t e d  a l o n g  the west and south shores toward the
C h e s a p e a k e  Bay mouth. The hi g h e s t  t u r b i d i t y  at high w a t e r
was located off the lower e a s t e r n  shore, and the h i ghest
t u r b i d i t y  at low w a t e r  was located off the P o t o m a c  River
mouth. The high t u r b i d i t y  a p p e a r e d  to c o i n c i d e  wit h  local
high and low w a t e r  and not three hours out of phase as
s tated by Burt (1955).
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T y p i c a l  m a x i m u m  current v e l o c i t i e s  of 2 knots can be 
e x c e e d e d  d u r i n g  spring tide by 3 knot c u r rents ( P r i t c h a r d  
1971). Spri n g  tides and the a s s o c i a t e d  larger tidal range 
r esult in a larger tidal prism, w h i c h  causes an i n c r e a s e d  
tidal current v e l o c i t y  (Haas 1977). This i n c r e a s e d  v e l o c i t y  
cr e ates g r e a t e r  t u r b u l e n t  m i x i n g  w h i c h  is p o s s i b l y  the cause 
of the w a t e r  c o l u m n  d e s t r a t i f i c a t i o n  at spring tide (Haas et 
al. 1981) .
H i g h e r  spring t i d e - a s s o c i a t e d  tidal c u r r e n t s  w o uld 
cause m ore b o t t o m  r e s u s p e n s i o n  and the r e s u l t a n t
d e s t r a t i f i c a t i o n  w o u l d  m e a n  h i gher c o n c e n t r a t i o n s  of 
s u s p e n d e d  sediment r e a c h i n g  the surface. H i g h e r  surface 
t u r b i d i t y  levels d u r i n g  s p ring tide w o u l d  t hen be a s s o c i a t e d  
w ith the g r e a t e r  spring tide b o t t o m  r e s u s p e n s i o n .  The 
spatial limits of h i g h e r  spring t i d e - a s s o c i a t e d  surface 
t u r b i d i t y  w o uld t h e r e f o r e  indicate the limits of faster 
s p ring tide currents.
V i sual image a n a l y s i s  did not reveal any e f f e c t s  of 
s p ring tide d e s t r a t i f i c a t i o n .  However, the Bay channel 
o p t i c a l  d e n s i t y  p r o f i l e s  showed p o s s i b l e  spring tide effects 
(F i g u r e s  69, 70). A nodal point off the R a p p a h a n n o c k  River 
d i v i d e d  h i gher and lower spring tide t u r b i d i t y  to the south 
and n o rth r e s p e c t i v e l y .  N o rth of the R a p p a h a n n o c k  River, 
the spring tide t u r b i d i t y  level was lower than the
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n o n - s p r i n g  tide level south of the R a p p a h a n n o c k  River. The 
R a p p a h a n n o c k  River may have been the n o r t h e r n  limit of 
s p ring tide t u r b u l e n t  mi x i n g .
The spring tide Bay c h a nnel p r o f i l e  was d i v i d e d  into 
6 - h o u r  a v e r a g e d  w a t e r  h e i g h t  p r o f i l e s  above- and below-
S e w e l l s  Point m e a n  w a t e r  (Figure 74). The b e l o w  m e a n  water  
p r o f i l e  c o i n c i d e d  g e n e r a l l y  with e b b i n g  w a t e r s  in the Chen 
(1978) current d i a g r a m s  (Figure 10). This p r o f i l e  had
h i g h e r  t u r b i d i t y  levels, except n o rth of the R a p p a h a n n o c k
River, the area of w e a k  tidal cu r r e n t s  a c c o r d i n g  to Byrne et 
al. ( 1982 ) .
Sp r i n g  tide and n o n - s p r i n g  tide t u r b i d i t i e s  were
c o m p a r e d  south of the R a p p a h a n n o c k  River. The spring tide 
t u r b i d i t y  was d i v i d e d  into above and b e l o w  m e a n  water
c o n d i t i o n s ,  a s s o c i a t e d  w i t h  flood and ebb cu r r e n t s  in the
C h e n  (1978) current di a g r a m s .  S p r i n g  tide t u r b i d i t y  was 
h i g her, e s p e c i a l l y  d u r i n g  below m e a n  w a t e r  c o n d i t i o n s  at
Wolf Trap Shoals and the south e r n  half of the C h e s a p e a k e  Bay 
m o u t h  (Figures 74, 75) w h e r e  w a t e r  d e pths were less than 40 
ft (Figure 8). The above m e a n  w a t e r  spring and n o n - s p r i n g  
tide t u r b i d i t y  levels w e r e  r e l a t i v e l y  equal, except for a 
hig h  d u ring spring tide ad j a c e n t  to Cape Charles.
Wind e f f e c t s  on spring tide t u r b i d i t y  w e r e  evident in 
lower C h e s a p e a k e  Bay (Figure 77). N o - w i n d  c o n d i t i o n s ,  
s h o w i n g  tidal effects, show a h i g h l y  turbid peak be t w e e n  
Wolf Trap Shoals and the town of Cape C h a r l e s  (Figure 78). 
As wind speeds i n c r e a s e d  above 5 knots ( F i g u r e  77), an
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e q u a l l y  high t u r b i d i t y  peak was farther n o r t h  over the Wolf 
Trap Shoals area. Hig h  t u r b i d i t y  was n o r t h  of the 
R a p p a h a n n o c k  River, the spring tide t u r b i d i t y  nodal point 
seen in Figu r e  69. Winds greater than 10 knots limited high 
spring tide t u r b i d i t y  to the Bay m o u t h  area. That 
r e s t r i c t i o n  may be b e c ause most of the high w ind data sets 
had n o r t h e r l y  w i n d s  blowing. As d i s c u s s e d  p r e v i o u s l y ,  that 
w o u l d  cause h i g h e r  t u r b i d i t y  d o w n w i n d  toward the Bay mouth.
The g e n e r a l  level of spring tide t u r b i d i t y  at each 
cross Bay t r a nsect can be d e t e r m i n e d  from the Bay channel 
profile. The T a n g i e r  Island transect had the lowest spring 
tide t u r b i d i t y  of the three (Figures 73, 80) u n d e r  all tidal 
and wind c o n d i t i o n s .
The Wolf Trap S h oals transect had h i g h e r  t u r b i d i t y  
d u r i n g  spring tide, d e c r e a s i n g  s h o r e w a r d  ( F i gure 71). Above 
m e a n  w a t e r  spring tide turbidity, c o i n c i d i n g  w i t h  f l o o d i n g  
w a t e r s  in the Chen (1978) current d i a g r a m s  ( F i gure 10), was 
lower than in n o n - s p r i n g  tide c o n d i t i o n s  ( F i gure 75). The 
i m p o r t a n c e  of the p o s i t i v e  w i n d - t u r b i d i t y  c o r r e l a t i o n  was 
shown w h e n  t u r b i d i t y  became higher wit h  wind speed, 
e s p e c i a l l y  over the w e s t e r n  shallows (Figure 81).
The Cape C h a r l e s  transect had m ore turbid spring tide 
waters, d e c r e a s i n g  s h o r e w a r d  (Figure 72). A b o v e  m e a n  water, 
t u r b i d i t y  was h i g h e r  eastward, though overall, b e low mea n  
w a t e r  t u r b i d i t y  was g r e a t e r  (Figure 76). T u r b i d i t y  was 
lower w i t h  s t r o n g e r  w i nds and showed how tidal forces alone 
w ere r e s p o n s i b l e  for high e r  spring tide t u r b i d i t y  (Figure
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82) .
T U R B IDITY A ND D E P T H
The red w a v e l e n g t h  band of the L a n d s a t  mu 1 1 i s p e c t r a  1 
scanner is the most a p p r o p r i a t e  for d e t e c t i n g  s u s p e n d e d  
sediment as d e t e r m i n e d  from past studies. The red
w a v e l e n g t h  in C h e s a p e a k e  Bay has the h i g h e s t  r e f l e c t a n c e  
v a l u e s  ( W h i t l o c k  et. a 1 . 1980) and its p e n e t r a t i o n  d e pth is 
d e t e r m i n e d  by s u s p e n d e d  or b o t t o m  sediment. In lower 
C h e s a p e a k e  Bay, the p e n e t r a t i o n  depth can range from 2 m off 
the P o t o m a c  River m o u t h  to 6 m n o rth of the R a p p a h a n n o c k
River (Champ e_t a 1 . 1980).
C h e s a p e a k e  Bay is a s h a l l o w  Bay w h o s e  a v e r a g e  d e p t h  is 
9 m (27.6 ft) ( C r o n i n  1971). For the e n tire Bay, 41% has a 
d e p t h  less than 6 m (18 ft) ( C a r r o n  1979). This w o u l d  mean 
that a m a x i m u m  of 41% of the C h e s a p e a k e  Bay b a t h y m e t r y  could 
be sensed in the red w a v e l e n g t h  by Landsat, but only if the 
near m a x i m u m  6 m p e n e t r a t i o n  d e p t h  is a t t ained. However, 
these sh a l l o w  p o r t i o n s  have the lowest d e p o s i t i o n  rates 
( C a r r o n  1979), due to high wave and tidal current
r e s u s p e n s i o n . The r e s u s p e n d e d  sediment s c a t t e r s  any
i n c o m i n g  red light, th e r e b y  p r e v e n t i n g  L a n d s a t  from d i r e c t l y
s e n s i n g  this 41% of the Bay floor. The s c o u r i n g  forces
a l o n g  w i t h  s u s p e n d e d  s e d iment c o n c e n t r a t i o n s  inc r e a s e  toward 
the Bay floor and m a i n t a i n  a fluid mud zone i m m e d i a t e l y  
above the floor. The h i g h e r  c o n c e n t r a t i o n  fluid mud hugs
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the b o t t o m  t o p o g r a p h y  and f o l lows it like a "r o l l i n g  c a r p e t " 
(llichols oral comm.). L i m i t e d  p e n e t r a t i o n  due to high
r e s u s p e n s i o n ,  or low r e f l e c t a n c e  due to deep w a ter means 
that Landsat can not d i r e c t l y  sense m o r e  than a small
p o r t i o n  of the C h e s a p e a k e  Bay b a t h y m e t r y .
Visual a n a l y s i s  c o n s i s t e n t l y  shows high r e f l e c t a n c e  
areas over P o q u o s o n  Flats and s h a llows near T a n g i e r  Island 
and in P o c o m o k e  Sound (Figure 20). The 0.5 to 3 m w a ter 
d ept h s  enable the h i g h e r  n e a r - b o t t o m  c o n c e n t r a t i o n s  to be 
d i r e c t l y  d e t e c t e d  by L a n dsat.
The a v e r a g e d  o p t i c a l  d e n s i t y  v a l u e s  and w a t e r  depths
show a good c o r r e l a t i o n  for the Wolf Trap Shoals and Cape 
Ch a r l e s  transects, w i t h  the o p t i c a l  d e n s i t y  v a l u e s  p a r a l l e l  
to b o t t o m  t o p o g r a p h y  (Figu r e s  8, 26). This e v i d e n c e
suggests either that red light p e n e t r a t e s  the w a t e r  c o lumn 
to a m a x i m u m  s u s p e n d e d  sediment c o n c e n t r a t i o n  w h i c h  is 
p a r a l l e l  to the Bay b a t h y m e t r y  ( " r o l l i n g  carpet") w h e r e  it 
is r e f l e c t e d  and sensed by L a n dsat, or that surface 
t u r b i d i t i e s  d e c r e a s e  as d i s t a n c e  to the b o t t o m  increases. 
The T a n g i e r  Island c r o s s - B a y  t r a n sect, c o m p a r e d  to the other 
two, had a lower c o r r e l a t i o n .  This may be due to i n t r o d u c e d  
s u s p e n d e d  sediment from the n e a r b y  Po t o m a c  River and the 
T a n g i e r  and P o c o m o k e  Sounds. The Bay channel t r a nsect also 
had a lower c o r r e l a t i o n ,  w h i c h  may show the e f f e c t s  of its 
deep channel location.
R e s ults of L a n d s a t  data a n a l y s i s  here suggest that
surface turbidity variations due to bottom resuspension may
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extend to w a t e r  d e p t h s  a r ound 13 m (40 ft). The T a n gier 
Island and Bay c h a n n e l  t r a n s e c t s  showed a high optical 
d e n s i t y - d e p t h  c o r r e l a t i o n  for d e p t h s  less than 13 m (40 ft) 
(Figure 26). W i n d s  m ay i n f l u e n c e  this d e pth of influence, 
as both v i s u a l  and o p t i c a l  d e n s i t y  e v i d e n c e  s u g g e s t e d  that 
low t u r b i d i t y  is found only over the deep c h a nnel d u r i n g  
st r o n g  n o r t h e r l y  w i n d s  ( F i g u r e  15). The Wolf Trap Shoals 
p r o f i l e  (Figure 37) showed s u r face t u r b i d i t y  over the 
c h annel was constant, w h i l e  t u r b i d i t y  for d e p t h s  less than 
13 m (40 ft) v a r i e d  w i t h  win d  d i r e c t i o n .
D u r i n g  spring tides, b e l o w - m e a n - w a t e r  c o n d i t i o n s  
c o i n c i d e d  w i t h  high t u r b i d i t y  over w a t e r  dept h s  of 8 to 13 m 
(25 to 40 ft) (F i g u r e s  8, 74) s u g g e s t i n g  the b a t h y m e t r i c  
limits of r e s u s p e n s i o n  ef f e c t s  on s u r face turbidity. The 
Wolf Trap Shoals and Cape C h a r l e s  p r o f i l e s  ( F i gures 71, 72) 
also showed h i g h e r  spri n g  t i d e - a s s o c i a t e d  t u r b i d i t y  towards 
d e e p e r  water, again s u g g e s t i n g  the 13 m (40 ft) limit for 
r e s u s p e n s i p n  effects on s u r f a c e  t u r b idity.
In summary, L a n d s a t  does not u s u a l l y  sense the 
C h e s a p e a k e  Bay b a t h y m e t r y  dir e c t l y .  Howev e r ,  surface 
t u r b i d i t i e s  a p p a r e n t l y  r e s p o n d  to s u s p e n d e d  sediment 
c o n c e n t r a t i o n s  w h ich inc r e a s e  toward the Bay floor and 
p a r a l l e l  the b a t h y m e t r y .  The m a x i m u m  depth of inf l u e n c e  is 
r o u g h l y  13 m (40 ft).
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L A N D S A T  V S S U R F A C E  T U R B I D I T Y  DATA
It is t i m e - c o n s u m i n g  to collect lower C h e s a p e a k e  Bay 
w a t e r  samples by boat. M o n t h l y  C h e s a p e a k e  Bay t u r b i d i t y  
map s  u s u a l l y  involve ship data c o l l e c t e d  over a two to four 
w e e k  p e r i o d  ( S t r o u p  and W ood 1966). D y n a m i c  p r o c e s s e s
d r a s t i c a l l y  change t u r b i d i t y  levels w i t h i n  the time span 
that it takes to t r a v e r s e  the Bay length, r e s u l t i n g  in 
s a m ples that are not r e p r e s e n t a t i v e .  This is obvious from 
i n s p e c t i o n  of L a ndsat images only 6 and 9 days apart. 
A l t h o u g h  the a v a i l a b l e  t u r b i d i t y  maps suggest that wide 
areas of C h e s a p e a k e  Bay have the same s u s p e n d e d  sediment
c o n c e n t r a t i o n  with c o n t o u r s  w i d e l y  separated, visual 
a n a l y s i s  of L a n dsat imagery, and the n o r m a l i z e d  optical
d e n s i t y  p r o files, show that t u r b i d i t y  v a r i e s  g r e a t l y  in the 
space of a few k i l o m e t r e s .  Even images from the same m o n t h  
and year d i ffer g r e a t l y  a m o n g  them s e l v e s .  C o n s e q u e n t l y ,  
there is p r o b a b l y  no v a l i d  t u r b i d i t y  map in the literature.
H a r r i s  e t a 1 . (1980 ) p e r f o r m e d  a sus p e n d e d  sediment
c r u i s e  study of C h e s a p e a k e  Bay b e t w e e n  S e p t e m b e r  1978 and 
A u g u s t  1979 whe n  L a n d s a t  was o p e r a t i o n a l .  Data were 
c o l l e c t e d  d u ring twelve cruises from a transect a l o n g  the 
C h e s a p e a k e  Bay length, i n c l u d i n g  5 transect stations in the 
lower Bay. D u r i n g  that time, there were five Landsat 
o v e r p a s s e s  v/hich w e r e  c l o u d - f r e e .  The n o r m a l i z e d  Bay 
c h a n n e l  d e n s i t y  data for those o v e r p a s s  dates r e v e a l e d
177
s i m i l a r i t i e s  and d i f f e r e n c e s  with the cruise tur b i d i t y  
pr o f i l e s  (Figure 25). O p t i c a l  d e n s i t y  p r o f i l e s  only 
g e n e r a l l y  r e s e m b l e d  the cruise profile. The 17 M a rch 1979 
ov e r p a s s  came imme d iately befo r e  and after s amp ling cruises 
and its n o r m a l i z e d  o p t i c a l  d e n s i t y  p r o f i l e  m o s t  c l o sely  
r e s e m b l e d  the cruise d a t a ' s  s u s p e n d e d  m a t e r i a l  d i s t r i b u t i o n  
map for the same date c r uise p r o f i l e  w i t h  high t u r b i d i t y  off 
the P o t o m a c  River m o u t h  and b e t w e e n  Wolf Trap S h oals and 
Cape Charles. H o w ever, the cruise data i n d i c a t e d  equal 
s u s p e n d e d  sediment c o n c e n t r a t i o n s  of g r eater than 10 mg per 
litre for the high t u r b i d i t y  areas w h i l e  the L a n d s a t  data 
showed the P o t o m a c  area to be m u c h  m o r e  turbid than the area 
south of Wolf Trap Shoals. The 1 May 1979 o p t i c a l  d e n s i t y 
p r o f i l e  did not show the high t u r b i d i t y  area south of Wolf 
Trap Shoals that was seen in the cruise data's s u s p e n n d e d  
m a t e r i a l  d i s t r i b u t i o n  map for the same date and the 17 M a rch 
1979 o p t i c a l  d e n s i t y  p r o file. The 3 July 1979 p r o f i l e  was 
si m ilar to the cruise d a t a ' s  s u s p e n d e d  m a t e r i a l  d i s t r i b u t i o n  
map for the same date but showed local d i f f e r e n c e s  in
t u r b i d i t y .  Each o p t i c a l  d e n s i t y  p r o f i l e  showed h i g h e r
t u r b i d i t y  toward the Bay m o u t h  in a g r e e m e n t  wit h  the cruise 
data. How e v e r ,  the S e p t e m b e r  p r o f i l e s  north of Cape C h a r l e s  
do not c o i n c i d e  with the stable less than 5 mg per litre 
levels from the cruise data, but show a higher, w i d e r  range 
of t u r b i d i t y .
It took time for the s a m p l i n g  c r u i s e s  to t r a v e r s e  the 
d i s t a n c e  b e t w e e n  each w i d e l y  spaced st a t i o n  a l ong the
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s a m p l i n g  transect. W i t h i n  the time it took to reach the 
next station, surface t u r b i d i t y  levels changed. E v i d e n c e  of 
su r f a c e  t u r b i d i t y  v a r i a t i o n s  over an a v e r a g e d  tidal cycle 
was p r e s e n t e d  in a p r e v i o u s  s e c t i o n  and by S c h ubel (1970) 
and Ni c h o l s  (1972) for ind i v i d u a l  s t a tions over a single 
tidal cycle. This e v i d e n c e  ind i c a t e s  that the w a t e r  samples 
w e r e  r e p r e s e n t a t i v e  of the tidal cycle only at the time of 
c o l l e c t i o n ,  and that g r o u p i n g  of w i d e l y  c o l l e c t e d  sample 
v a l u e s  did not p r o v i d e  an a c c u r a t e  i n d i c a t i o n  of o v erall 
s u r f a c e  t u r b i d i t y  in S o u t h e r n  C h e s a p e a k e  Bay.
La n dsat is an e x c e l l e n t  tool for p r o v i d i n g  near 
i n s t a n t a n e o u s  c o v e r a g e  of s u r face t u r b i d i t y  levels in 
S o u t h e r n  C h e s a p e a k e  Bay. The 1 km sample stations use d  in 
this study are larger than the Landsat 79 m pixel r e s o l u t i o n  
yet still provide a r e p r e s e n t a t i o n  of surface t u r b i d i t y  once 
the data are n o r m a l i z e d .  The 1 km r e s o l u t i o n  for this study 
is able to show r e l a t i v e  c h a n g e s  in t u r b i d i t y  levels that 
are not a v a i l a b l e  b e t w e e n  each cruise s a m p l i n g  station 
(F i gure 2 5). The near i n s t a n t a n e o u s  c o v e r a g e  g u a r a n t e e s  
that s p a t i a l l y  d i stant t u r b i d i t y  levels seen in the pr o f i l e s  
wer e  m e a s u r e d  at the same time. This m e ans that a Landsat 
p r o f i l e  can be r e p r e s e n t a t i v e  of t u r b i d i t y  levels t h r o u g h o u t  
S o u t h e r n  C h e s a p e a k e  Bay at the given stage of the tidal 
cycle. C o m p a r i s o n s  w i t h  the H a r r i s  e_t a 1 . (1980) study show
that cruise data are not ver y  r e p r e s e n t a t i v e  of S o u t h e r n  
C h e s a p e a k e  Bay t u r b i d i t y  c o n d i t i o n s  w h e n  c o m p a r e d  to Landsat 
data.
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The c o n c l u s i o n s  d r a w n  from u s i n g  L a n dsat to d e t e r m i n e  
c i r c u l a t i o n  and s u s p e n d e d  se d i m e n t  p a t h w a y s  are limited 
b e c a u s e  the images are " s n a p s h o t s "  of a d y n a m i c  process. 
Also, a c o m p r e h e n s i v e  v i e w  of sediment m o v e m e n t  and the 
c i r c u l a t o r y  pr o c e s s  can not be seen in the data be c a u s e  
La n d s a t  senses only su r f a c e  w a t e r s .  W i t h o u t  s u b s t a n t i a t i n g  
g rou n d  truth data, c i r c u l a t i o n  and sediment m o v e m e n t  can 
only be inferred. W a t e r  c i r c u l a t i o n  in L a n d s a t  i m a gery can 
be i n f e r r e d  as a L a g r a n g i a n  m o v e m e n t  by u s i n g  s u s p e n d e d  
sediment as a tracer. An a b s e n c e  of E u l e r i a n  current m e t e r  
data limits the i n t e r p r e t a t i o n  of La n d s a t  data to s u g g e s t e d  
p a t t e r n s  of c i r c u l a t i o n .  I n f e r r e d  d i r e c t i o n s ,  as i n d i c a t e d  
from s e d iment plumes, can be m i s l e a d i n g  b e c a u s e  the 
d i r e c t i o n  of water m o v e m e n t  a l o n g  t u r b i d i t y  b o u n d a r i e s  is 
u n k n o w n .
D e s p i t e  these l i m i t a t i o n s ,  areas of h i g h l y  turbid 
s u r face w a t e r  f o l l o w e d  t h r o u g h  a r e p r e s e n t a t i v e  tidal cycle, 
be s i d e s  i n d i c a t i n g  c i r c u l a t i o n ,  can also i n d icate s u s p e n d e d  
s e d iment m o v e m e n t .  The areas of h i g h l y  turbid w a t e r  m o v e  in 
a s s o c i a t i o n  w i t h  hig h  v e l o c i t y  tidal c u r rents w h i c h  are 
r e s p o n s i b l e  for tidal r e s u s p e n s i o n .  Less turbid w a t e r s  
w o u l d  be due to c u r rent v e l o c i t i e s  i n s u f f i c i e n t  for 
m a i n t a i n i n g  s u s p e n s i o n  or i n i t i a l l y  r e s u s p e n d i n g  b o t t o m  
sed i m e n t .
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S u r f a c e  c i r c u l a t i o n  of lower C h e s a p e a k e  Bay was studied 
p r e v i o u s l y  by Haight (1930) and Chen (1978) to p r oduce 
cu r r e n t  v e l o c i t y  and d i r e c t i o n  maps. These were c o m pared 
w i t h  c o r r e s p o n d i n g  tidal phases of the La n d s a t  data.
S t u d i e s  of b o t t o m  sediment clay content (Bond and Meade
1966 , S h i d e l e r  19 75 , C a r r o n  1979 , Byrne ejt a 1 . 1982 ) and
zones of d e p o s i t i o n  and e r o s i o n  in lower C h e s a p e a k e  Bay 
( L u d w i c k  1973, S c hubel 1975, C a r r o n  1979, L u d w i c k  1981, 
Byrne e_t a 1 . 1982) wer e  used to s u b s t a n t i a t e  w h e t h e r  La n d s a t
e v i d e n c e  i n d i r e c t l y  s u g g e s t e d  sediment source or d e p o s t i o n a l  
areas.
C i r c u l a t i o n  maps based on actual data had 
m e t e o r o l o g i c a l  c o n d i t i o n s  a v e r a g e d  out by normal c i r c u l a t i o n  
(Haight 1930). Data used to c a l i b r a t e  the m a t h e m a t i c a l  
m o d e l  (Chen 1978) or h y d r a u l i c  m o d e l  did not include
m e t e o r o l o g i c a l  i n f l u ences. Also, current arrows in the
m a t h e m a t i c a l  m o del (Chen 1978) wer e  d e r i v e d  from v e r t i c a l l y  
i n t e g r a t e d  currents. The Haig h t  (1930) and Chen (1978) 
c i r c u l a t i o n  maps were d i v i d e d  into tidal phases, w ith arrows
i n d i c a t i n g  current d i r e c t i o n s  at each tidal phase. The
a p p r o p r i a t e  c u rrent m a p s  from their studies wer e  v i s u a l l y  
c o m p a r e d  wit h  images to d e t e r m i n e  w h e t h e r  s u s p e n d e d  sediment  
p a t t e r n s  s u g g e s t e d  c i r c u l a t i o n  in the imagery. B a s i c a l l y ,  
the maps showed w a ter m o v e m e n t  n o r t h w a r d  or s o u t h w a r d  d u r i n g  
flood or ebb tide as e x p e c t e d  from the tidal wav e  a d v a n c e  
into C h e s a p e a k e  Bay (F i g u r e s  9B, 10).
The tidal wave a d v ance, however, was not h i g h l i g h t e d  in
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the L a n d s a t  images by a d i s t i n c t  t u r b i d i t y  d i s c o n t i n u i t y .  
Instead, in the images, the lower Bay surface water 
e x h i b i t e d  gradual lateral t u r b i d i t y  changes v/hich can be 
d e t e c t e d  v i s u a l l y  (Figure 13). S u s p e n d e d  sediment trends 
v i s i b l e  in the images did not a l ways agree w ith the general 
up- or d o w n - B a y  c i r c u l a t i o n  of the maps, e s p e c i a l l y  near 
slack c o n d i t i o n s  of m e a n  w a ter. The c i r c u l a t i o n  maps at 
slack w a t e r  showed a v e l o c i t y  d e c r e a s e  w h i l e  the current 
a r r o w s  still p o i n t e d  n o rth or south. The v i s i b l e  change of 
s u r f a c e  t u r b i d i t y  tended n o n e t h e l e s s  to c o r r e s p o n d  to the 
C hen (1978) current v e c t o r  m a g n i t u d e s  in a general
m a n n e r :  lower t u r b i d i t y  over areas with lower current
v e l o c i t i e s  and vice versa.
The tidal p h a s e - d i v i d e d  c i r c u l a t i o n  maps did not 
p r o v i d e  a c o n t i n u o u s  p i c t u r e  of lower C h e s a p e a k e  Bay surface 
c i r c u l a t i o n .  T r a c k i n g  c o n f e t t i  in the h y d r a u l i c  model, 
h o w ever, p r o v i d e d  a c o n t i n u o u s  v i e w  of Bay surface
c i r c u l a t i o n .  There were c i r c u l a t i o n  patterns, such as slack
w a t e r  gyres, seen in the h y d r a u l i c  model but not in the 
c i r c u l a t i o n  maps, w h i c h  a g r e e d  vith turbid p a t t e r n s  seen off 
the James River m o u t h  in the L a n dsat images ( F i gure 21).
R e s u l t s  from the h y d r a u l i c  m o d e l  co n f e t t i  study suggest the 
gyre was caused by a change from ebb to flood c u r r e n t s
( F igure 11) with e b bing James River m o u t h  w a t e r  d e f l e c t e d  
towa r d  W i l l o u g h b y  Spit by in c o m i n g  flood waters. The
v e r t i c a l  i n t e g r a t i o n  of current d i r e c t i o n s  in the Chen
(1978) model w o uld not reveal the slack w a t e r  c u r v a t u r e  of
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s u r face w a t e r  currents.
The m o t i o n  pi c t u r e  i n c o r p o r a t i n g  the L a n d s a t  images 
into a tidal cycle should have p r o v i d e d  a v i s u a l l y  
c o n t i n u o u s  p a t t e r n  of c i r c u l a t i o n  and s u s p e n d e d  sediment 
m o v e m e n t .  However, that was not the case. T h ere was no 
smooth m o v e m e n t  of turb i d  pat t e r n s .  Each image c o n t a i n e d  
m e t e o r o l o g i c a l  c o n d i t i o n s  that a f f e c t e d  surface t u r b i d i t y  
d i f f e r e n t l y .  Those m e t e o r o l o g i c a l  c o n d i t i o n s  a f f e c t e d  
t u r b i d i t y  p a t t e r n s  and c o n f u s e d  any smooth tidal m o v e m e n t  of 
s e d i m e n t - i d e n t i f i e d  water.
U t i l i z a t i o n  of all La n d s a t  data and the r e s u l t s  of 
p r e v i o u s  studies su g g e s t s  p a t t e r n s  and p a t h w a y s  of 
c i r c u l a t i o n  and s u s p e n d e d  sediment m o v e m e n t  in lower 
C h e s a p e a k e  Bay. B e g i n n i n g  wit h  above m e a n  w a t e r  tidal 
c o n d i t i o n s  and c o r r e s p o n d i n g  flood tides in the Chen (1978) 
c u rrent d i a g rams, turbid w a t e r  off the o c ean side of the 
E a s t e r n  Shore was c o n n e c t e d  w ith turbid Bay m o u t h  w a t e r  
( F i g u r e  85) ( M u nday and F e dosh 1980), over an area of tidal 
scour and m i n i m a l  clay d e p o s i t i o n  (S c h u b e l  1975). H i g h e r  
t u r b i d i t y  was seen a l o n g  the e a s t e r n  shore north to the town 
of Cap e  C h a r l e s  r a n g i n g  from w i t h i n  10 km of the e a s t e r n  
shore ( F i gure 49) out to mid Bay (Figure 86). The w a t e r  
a l o n g  the e a s t e r n  shore had the h i g h e s t  t u r b i d i t y  levels for 
the tidal cycle, the n o r t h e r n  extent being n o r t h  of Wolf 
Trap Shoals after high w a t e r  and w a n i n g  flood c u r r e n t s  (Chen 
1978) ( F i gure 10). This high flood t i d e - r e l a t e d  t u r b i d i t y  
could not have p r o g r e s s e d  from the Bay m o u t h  in one flood
Figure 85. Landsat Image Negative, 6 Mar 1981, 1:00.
Note the turbid (dark) water off Cape Charles during flood currents.

Figure 86. Landsat Image, 19 Oct 1979, 2:16, Enhanced for Film Density Contours. 
Note the uniform turbidity in the eastern half of the Chesapeake Bay northward to the 
Rappahannock River during flood currents. High to low turbidity: amber, black, green, red.
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tide e x c u r s i o n  a c c o r d i n g  to the h y d r a u l i c  model (Figure 11) . 
A f t e r  h i g h  water, as p r e d i c t e d  flood current v e l o c i t i e s  
d e c r e a s e d  a c c o r d i n g  to Chen (1978), there was a u n i f o r m  
lo w e r i n g  of the equal t u r b i d i t y  level south of the 
R a p p a h a n n o c k  River ( F i gure 46).
T u r b i d i t y  levels south of the R a p p a h a n n o c k  River, w h i c h  
w e r e  d e c r e a s i n g  after high water, b e g a n  to incre a s e  after 
m i d - f a l l i n g  water. This i n c rease c o i n c i d e d  w i t h  the start 
of ebb c u r r e n t s  in the Chen (1978) c u r rent d i a g r a m s  for the 
Bay m o u t h - J a m e s  River m o u t h  area. T u r b i d i t y  south of 
T h i m b l e  Shoals C h a n n e l  ( F igure 84) and over P o q u o s o n  Flats 
at low w a t e r  was due to local r e s u s p e n s i o n  c a u s e d  by 
C o rio 1 i s - d e f 1ected ebb c u r r e n t s  ( C a r r o n  1979 , L u d w i c k  1981). 
A c o m p a r i s o n  wit h  the Chen (1978) current d i a g r a m s  (Figure 
10) of the s i m ilar tidal phase shows that an ebb c u r r e n t  is 
a s s o c i a t e d  w i t h  turbid s t r e a m e r s  e m a n a t i n g  . s e award fro m  
tunnel islands of the C h e s a p e a k e  Bay B r i d g e - T u n n e 1 ( F i gure 
19) and H a m p t o n  Roads T u n n e l  ( F i gure 87). Tunnel island 
s t r e a m e r s  (headward) are also seen duri n g  p r e d i c t e d  flood 
c u r r ents. The s t r e a m e r s  are the result of tidal scour w h i c h  
has left d e p r e s s i o n s  as deep as 8 m a r ound the tunnel 
islands ( L u d w i c k  1981).
In f a l l i n g  water, the images r e v e a l  t u r b i d i t y  b e t w e e n  
the R a p p a h a n n o c k  and York Rive r s  t r a i l i n g  around New Point 
C o m f o r t  into e a s t e r n  M o b j a c k  Bay ( F i g u r e s  14, 2 2). The Che n  
(1978) c u r rent d i a g r a m s  (F i g u r e  10) for the c o i n c i d i n g  tidal 
phase hint at e b b i n g  Wolf Trap S h oals turbid w a t e r  e n t e r i n g
Figure 87. Landsat Image Negative, 3 Apr 1974, 4:38. 
Note the turbid plume off the Hampton tunnel island at Fort Wool.
W076-00I
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M o b j a c k  Bay. H y d r a u l i c  m o del c o n f e t t i  r e s ults p r o v i d e d  more 
s u b s t a n t i a l  e v i d e n c e  by s h o wing that turbid w a t e r  w h i c h 
p r o c e e d e d  south of New Point C o m fort on the p r e v i o u s  ebb 
tide w o u l d  enter K o b j a c k  Bay on the f o l l o w i n g  flood (Figure 
1 1) .
Low water and c o i n c i d i n g  ebb cu r r e n t s  (Chen 1978) 
(F i g u r e  10) north of the R a p p a h a n n o c k  River c o i n c i d e d  with 
turbid plumes e m a n a t i n g  fro m  the Po t o m a c  River m o u t h  
( Figures 17, 47, 50). A p p a r e n t l y  the plumes wer e  the result 
of local r e s u s p e n s i o n  by C o r i o 1 i s - d e f 1ected ebb cu r r e n t s 
( C a r r o n  1979), a l t h o u g h  turbid water, i r r e g a r d l e s s  of tidal 
phase, was seen e x i t i n g  from the P o t o m a c  m o u t h  after times 
of very high f r e s h w a t e r  d i s c h a r g e  (Figure 18). Turbid 
P o t o m a c  River w a t e r  d u r i n g  below m e a n  w a t e r  e x t e n d e d
e a s t w a r d  to the deep channel w i t h  lower levels th r o u g h  the 
rest of the tidal cycle ( F i g u r e  47). The s o u t h e r n  extent of 
the turbid P o t omac River w a t e r  d u r i n g  b e l o w  m e a n  w a t e r  tidal 
phas e s  was to off the R a p p a h a n n o c k  River ( F i gure 46). This 
t u r b i d i t y  was equal to or h i g h e r  than t u r b i d i t y  south of the 
R a p p a h a n n o c k  River.
The Landsat data showed the r e g i o n  off the 
R a p p p a h a n n o c k  River as a d i v i d i n g  point for d i f f e r e n t
c o n d i t i o n s .  First, e n h a n c e d  images showed a c h ange in
d e n s i t y  c o n tour o r i e n t a t i o n  (Figure 22). N o rth of the
R a p p a h a n n o c k  River, the c o n t o u r s  were normal to the Bay axis 
as in a p a r t i a l l y  m i x e d  estuary, w h i l e  to the south, the 
c o n t o u r s  p a r a l l e l e d  the Bay axis as in a v e r t i c a l l y
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h o m o g e n e o u s  estuary- Second, the r e g i o n  d i v i d e d  the high 
t u r b i d i t y  levels of p o s t - h i g h  w a t e r  and p o s t - l o w  w a t e r 
c o n d i t i o n s  to the south and n o r t h  r e s p e c t i v e l y .  Initial 
flood (Chen 1978) (Figure 10) and ebb t i d e - r e l a t e d  t u r b i d i t y  
w e r e  at the Bay and P o t o m a c  R i ver m o u t h s  r e s p e c t i v e l y  and
w e r e  m o v e d  closer to the R a p p a h a n n o c k  R i ver as the
r e s p e c t i v e  tidal v e l o c i t i e s  d e c r eased.
The L a n d s a t  data do not c o n c l u s i v e l y  i d e n t i f y  the
R a p p a h a n n o c k  River r e g i o n  as a sink for A t l a n t i c  O c e a n  and 
P o t o m a c  River s u s p e n d e d  sediment. H o w e v e r  the e v i d e n c e  can 
be linked to r e s ults of p r e v i o u s  studies. A high b o t t o m
s e d iment clay p e r c e n t a g e  off the R a p p a h a n n o c k  River and a 
n o r t h e r n  limit of tidal r e s u s p e n s i o n  led S h i d e l e r  (1975), 
C a r r o n  ( 1979 ), and Byrne e_t a 1 . ( 1982) to call the r e g i o n 
one of d e p o s i t i o n ,  w h i l e  it was the n o r t h e r n  limit of 
r e c o v e r e d  o c e a n - o r i g i n a t i n g  seabed d r i f t e r s  • r e l e a s e d  by 
N o r c r o s s  and S t a n l e y  (1967). The L a n dsat e v i d e n c e  of the 
R a p p a h a n n o c k  River as a d i v i d i n g  point for tidal phase and 
s p ring t i d e - r e l a t e d  t u r b i d i t y  levels s u b s t a n t i a t e s  these 
o t her studies in the c o n c l u s i o n s  that there is a s e d iment 
sink off the R a p p a h a n n o c k  River.
CONCLUSIONS
Re s ults of this study, listed b e l o w  and s u m m a r i z e d  in 
Fi g u r e  88, show a s s o c i a t i o n s  b e t w e e n  tidal and
m e t e o r o l o g i c a l  c o n d i t i o n s  and lower C h e s a p e a k e  Bay t u r b i d i t y  
levels and s u s p e n d e d  s e d iment m o v e m e n t .
F r e s h w a t e r  d i s c h a r g e  does not n o t i c e a b l y  increase lower 
C h e s a p e a k e  Bay surface t u r b i d i t y  w i t h  the e x c e p t i o n  of the 
Po t o m a c  River d u r i n g  very high d i s c harge.
T u r b i d i t y  v a r i a t i o n s  occur over a tidal cycle and are 
r e l a t e d  to tidal current v e l o c i t i e s ,  gr e a t e r  t u r b i d i t y  with 
h i g h e r  v e l o c i t i e s .  D u r i n g  flood tide c o n d i t i o n s ,  h i g h e r  
t u r b i d i t y  levels were found b e t w e e n  the Bay m o u t h  and 
R a p p a h a n n o c k  River a l o n g  the E a s t e r n  Shore. For ebb tide 
c o n d i t i o n s ,  high t u r b i d i t y  was found b e t w e e n  the James River 
and Bay mouths, over P o q u o s o n  Flats and b e t w e e n  the P o t o m a c  
and R a p p a h a n n o c k  Rivers. For spring tide currents, high e r  
t u r b i d i t y  levels wer e  found south of the R a p p a h a n n o c k  River.
Wind, wit h  s u f f i c i e n t  fetch ( a p p r o x i m a t e l y  20 km) and 
speed, can increase surface t u r b i d i t y  t h r o u g h  bed 
r e s u s p e n s i o n .  North and west w i nds p r o d u c e  h i g h e r  t u r b i d i t y  
levels in s o u t h e r n  C h e s a p e a k e  Bay and off the P o t o m a c  River 
m o u t h  r e s p e c t i v e l y .  Wind can also w o r k  with or against 
tidal currents. A c o m b i n a t i o n  of u n i d i r e c t i o n a l  winds and 
tidal c u r r e n t s  re s u l t s  in higher surface turbidity, w h i l e
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o p p o s i n g  wind and tide such as n o rth winds and flood tide 
are a s s o c i a t e d  with lower s u r face turbidity.
Su r f a c e  t u r b i d i t y  and w a t e r  depth were i n v e rsely 
r e l a t e d  with higher t u r b i d i t y  over s h a l lower water. 
R e s u s p e n d e d  b o t t o m  sediment, d e t e c t e d  by Landsat, can 
inf l u e n c e  surface t u r b i d i t y  in w a t e r  d e pths less than 13 m 
(40 ft).
L a n d s a t  data did not reveal tidal current d i r e c t i o n  
t h r o u g h  sus p e n d e d  se d i m e n t  as a tracer except for loc a l i z e d  
plume s .
L a n d s a t  data, c o m b i n e d  w i t h  r e s u l t s  from p r e v i o u s  
studies, help to d e f i n e  g e neral s u s p e n d e d  sediment p a t h w a y s  
in lower C h e s a p e a k e  Bay. Flood t i d e - a s s o c i a t e d  o c ean  
sedim e n t  and ebb t i d e - a s s o c i a t e d  P o t omac River se d i m e n t  was 
e v e n t u a l l y  d e p o s i t e d  in an area off the R a p p a h a n n o c k  River.
It was found that a large data set of 102 L a n dsat  
p h o t o g r a p h i c  images is s u f f i c i e n t  for d e t e r m i n i n g  some 
caus e s  of lower C h e s a p e a k e  Bay surface t u r b i d i t y  
f l u c t u a t i o n s .  Tidal and m e t e o r o l o g i c a l  i n f l u e n c e s  can be 
s e p a r a t e d  by u s ing re s i d u a l  optical d e n s i t y  data. Visual 
a n a l y s i s  p r o v i d e s  an overall v i e w  of lower C h e s a p e a k e  Bay 
and can s t r e n g t h e n  c o n f i d e n c e  in f i n d i n g s  from the op t i c a l  
d e n s i t y  analyses.
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